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ABSTRACT 
 
The overall goal of my PhD research was to design and develop advanced anti-
fouling and self-cleaning membranes for treating impaired waters. Initial work focused 
on the development of membranes to treat produced water, which is oily wastewater that 
is co-produced during oil and gas exploration. Economical, environmentally sustainable 
treatment of the large volumes of produced water is a grand challenge for oil and gas 
companies. While membranes offer many advantages over more conventional treatment 
methods, membrane-based treatment processes for oily waters often fail due to membrane 
fouling. Therefore, the primary objective of my doctoral research was to design 
membranes that limit foulant accumulation and provide an easy, chemical-free way to 
remove any attached foulants during the filtration of oily and other impaired waters. My 
strategy was to modify the surface of ultrafiltration (UF) membranes with polymer 
nanolayer coatings using methods that enabled nano-scale control over the chemical and 
environmentally responsive conformational properties of grafted polymer layers.  
A three step surface-modification procedure was designed and implemented to 
modify commercial regenerated cellulose UF membranes by grafting block copolymer 
nanolayers from the membrane surfaces by surface-initiated atom transfer radical 
polymerization. Membranes were modified by grafting poly(N-isopropylacrylamide) 
(PNIPAAm)-block-poly(oligoethylene glycol methacrylate) (PPEGMA) nanolayers. The 
lower block (PNIPAAm) was grafted to make the membrane surfaces temperature 
responsive while the upper block (PPEGMA) was grafted to suppress attachment of 
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foulants. The physiochemical and performance properties of the modified membranes 
were characterized using a number of different analytical methods. Polymer grafting led 
to a roughly 40% decrease in the water flux, however, modified membranes showed 
slower flux decline than unmodified membranes, and, hence, the modified membranes 
allowed a 13.8% higher cumulative volume of water to be processed over a 40 h cross-
flow filtration run. Flux recovery was better for the modified membranes after a cold 
water rinse. The flux recovered fully to initial values for the modified membranes; while 
only ~81% of the initial flux was recovered for the unmodified membrane. Total organic 
carbon removal efficiencies were higher than 94% for all the membranes studied and 
increased slightly with increasing degree of modification; however, all the membranes 
exhibited poor salt rejection. 
After successful demonstration of the modification strategy for preparing fouling-
resistant, easily cleanable UF membranes for produced water treatment, I shifted my 
focus towards a better understanding of the role of polymer nanolayer structure on 
performance. I used initiator grafting density and average molecular weight of both the 
PNIPAAm and PPEGMA blocks as independent variables to optimize the performance of 
the surface-modified membranes. Higher initiator densities and longer polymerization 
times yielded membranes with stable flux, while lower densities and shorter 
polymerization times slowed the rate of flux decline but did not eliminate it. The trade-
off for the stable flux was lower instantaneous flux. This trade-off was deemed 
acceptable since the cumulative volume of impaired water that could be treated prior to 
cleaning was higher for the modified membranes.  My results showed that, beyond the 
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chemistry of the coating, its structural properties, especially polymer grafting density and 
block nanolayer thicknesses, play an important role in determining its effectiveness for 
fouling control. My membrane surface modification protocol allows one to tailor these 
structural properties independently, in ways not achievable by standard coating methods, 
to produce membranes with an optimized combination of high enough instantaneous 
permeate flux and low enough rate of flux decline. 
Having demonstrated that my newly designed, advanced fouling-resistant and 
self-cleaning membranes could be used for treatment of oily produced water, the 
possibility of using these membranes for treatment of highly impaired wastewaters 
generated in rendering facilities was investigated.  I evaluated the separation performance 
of my advanced membranes using impaired waters provided by Carolina By-
Products/Valley Proteins Inc., and compared performance metrics to those of commercial 
wastewater treatment UF membranes. Membrane surfaces were characterized by 
spectroscopy and electron microscopy pre- and post-filtration to determine the extent 
of fouling. Low molecular weight cutoff membranes showed stable permeate fluxes for 
long periods of time without the need for intermittent cleaning, characteristic of systems 
with low degrees of internal fouling. For 100 kDa molecular weight cutoff membranes, 
flux decline was more severe. While polymer-modified membranes processed ~26% 
more permeate than unmodified membranes in this case, flux recovery after a membrane 
cleaning step was low and similar for unmodified and modified membranes, 
characteristic of high degrees of internal fouling. All membranes showed minimal 
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changes in the permeate pH and total dissolved solids, but turbidity was reduced nearly 
100% and chemical oxygen demand was reduced by over 70%. 
 Taken together, results from my doctoral research indicate that well-designed 
PNIPAAm-b-PPEGMA-modified ultrafiltration membranes can be used to separate 
organics from large volumes of impaired waters at high flux.  
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 1 
INTRODUCTION 
1.1 Produced water  
Produced water is oily water that is co-produced during oil and gas exploration 
and production. The volume of produced water (PW) that is generated depends on how 
much is present in the reservoir as a natural water layer (formation water) and whether 
additional water is injected into the reservoir to force the oil to the surface. Increasing 
energy demands coupled with high oil and gas prices are driving the increased production 
of oil and gas from non-traditional sources such as tar sands, oil shale and coal bed 
methane (CBM) [Mondal and Wickramasinghe, 2008]. Here again, oil and gas 
production generates large volumes of produced water, particularly from CBM wells, 
which  contain many fractures and pores that can contain and transmit large volumes of 
water. 
In the United States, produced water accounted for 88% of the total volume of 
exploration and production material brought to the surface by the oil and gas industry in 
2007. The total volume of produced water generated from most of the nearly 1 million 
actively producing oil and gas wells in the United States in 2007 was estimated to be 
about 21 billion barrels (bbl) [Clark and Veil, 2009]. Khatib and Verbeek [2003] reported 
that worldwide daily produced water generation in 1999 was more than 210 million bbl 
which represents about 77 billion bbl of produced water for the entire year, about three 
times the world oil production.  Within the Powder River Basin of southeast Montana and 
northeast Wyoming, the CBM produced water volume increased almost seven-fold to 
 2 
more than 1.4 million bbl per day during the period from 1998 to 2001[Advanced 
Resources International, 2002]. 
The volume of produced water from conventional oil and gas wells does not 
remain constant, as the water-to-oil ratio increases over the lifetime of the well. For 
example, Khatib and Verbeck [2003] reported that produced water generated from 
several Shell operating units increased from 2.1 million bbl per day in 1990 to more than 
6 million bbl per day in 2002. Clark and Veil [2009] reported that US wells generated an 
average of more than 5 bbl of produced water for each bbl of oil in 2007. For crude oil 
wells nearing the end of their productive lives, as much as 98% of the material brought to 
the surface can be produced water. CBM wells, in contrast, produce a large volume of 
produced water early in their life and the volume declines over time. For example, 
between 1999 and 2001, the volume of produced water generated per well in the Powder 
River Basin dropped from 396 bbl per day to 177 bbl per day [Advanced Resources 
International, 2002]. 
Produced water characteristics and physical properties vary considerably 
depending on the geographical location of the field, composition of the rocks surrounding 
the reservoir, the amount of time the rocks and water react and the origin of the water 
entering the reservoir. The total dissolved solids (TDS) ranges from 200 mg/L to 170,000 
mg/L [Rice and Nuccio, 2000]. Recommended TDS for potable water is 500 mg/L and 
1000–2000 mg/L for other beneficial uses such as stock ponds or irrigation. As a point of 
reference, average sea water has a TDS of 35,000 mg/L. 
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The proper management of produced water is becoming a major issue for the 
public and regulators due to the high volumes generated and the disposal practices of 
many gas and oil companies. At the same time, oil and gas producing areas, especially for 
CBM, are located in arid areas of the United States where questions arise concerning the 
―wasting‖ of water through the generation and disposal of produced water during 
production. Costs associated with produced water management impact the profits of the 
oil and gas industry and potentially could halt production operations. In 2007, more than 
98% of produced water from onshore wells was injected underground with approximately 
59% injected into producing formations to maintain formation pressure and increase 
output, while another 40% was injected into nonproducing formations for storage [Clark 
and Veil, 2009]. Injection of produced water for storage in deep wells costs U.S. $0.50 to 
$1.75 per bbl in wells that cost U.S. $400,000 to $3,000,000 to install [Hayes and Arthur, 
2004]. Four percent of the total produced water (onshore and offshore) in 2007 was 
surface discharged after some pre-treatment, which can cause adverse effects to the 
environment [Keith et al., 2003]. Therefore, identifying and implementing appropriate 
beneficial uses for produced water should provide overwhelming benefits for local 
communities and ecosystems and provide oil and gas companies with flexible, cost-
saving water management options. 
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1.2 Options for produced water treatment 
Conventional treatment methods for produced water include gravity separation 
and skimming, dissolved air flotation, de-emulsification, coagulation and flocculation 
[Cheryan and Rajagopalan, 1998]. Gravity separation is commonly used for primary 
treatment of oily wastewater and it has been shown to be effective in removing free oil 
when combined with skimming.  Dissolved air flotation (DAF) involves using air to 
increase the buoyancy of smaller oil droplets and enhance their separation. Emulsified oil 
in the influent from gravity separation and skimming or DAF units can be removed by 
de-emulsification or thermal treatment. During de-emulsification, the oily wastewater is 
treated chemically to destabilize the oil-water emulsion and this treatment can be 
followed by gravity separation. Thermal treatment including evaporation and incineration 
is suitable for managing many types of oily water, but it involves high energy costs, and 
the condensate has to be treated to remove oils in the vapors.  Generally, conventional 
treatment methods have been shown to be effective in treating oily wastewater especially 
when combined together; however, there are numerous disadvantages associated with 
these unit operations. For example, gravity separation may not produce effluents that 
meet discharge limits. Use of chemical emulsion breakers requires customization for each 
site to determine the types and quantities of chemicals needed since the composition of 
produced water tends to vary widely. Large volumes of sludge often are produced. 
Operation costs can be high. 
There is a growing tendency to use membrane technology such as microfiltration 
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) for treating 
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produced water. A number of studies have shown successful treatment of oily water using 
membranes [Asatekin and Mayes, 2009; Chen et al., 2009; Ju et al., 2008; Mondal and 
Wickramasinghe, 2008; Mueller et al., 1997; Sagle et al., 2009; Szep and Kohlheb, 2010; 
Wagner et al., 2011; Xu and Drewes, 2006; Xu et al., 2008].  Cheryan and Rajagopalan 
(1998) reported that of the three broad categories of oily wastewaters (free-floating oil, 
unstable oil-water emulsions, and highly stable oil-water emulsions) membranes are most 
effective in treating stable emulsions.  
Membrane technology is widely applicable across a range of industries (e.g., off 
shore and on shore oil exploration). The membrane is a positive barrier to rejected 
species, thus the variation in feed water quality has a minimal impact on permeate 
quality.  Distinct advantages of membrane technology for treatment of produced water 
include reduced sludge, high quality permeate and the possibility of total recycle water 
systems. These advantages, when considered along with the small space requirements, 
moderate capital costs, and ease of operation make membrane technology an 
economically competitive alternative or addition to traditional wastewater treatment 
technologies [Mueller et al., 1997; Szep and Kohlheb, 2010; Xu et al., 2008].  In an 
actual process, running more than one type of membrane in series, e.g., MF followed by 
NF, is normally required to attain effective treatment. 
Although MF, UF, NF, and RO membranes can treat produced water, their 
widespread use is hindered by a decline in permeate flux experienced as a result of 
fouling, including biofouling and mineral scaling (in the case of NF and RO membranes). 
The flux decline is due to the adsorption and accumulation of rejected oil, suspended 
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solids and other components in produced water on the membrane surface (external 
fouling) and in the membrane pores (internal fouling). In the case of fouling by oil 
emulsions, there is evidence that a stagnant layer of coalesced oil micro droplets deposits 
on the membrane surface forming an external fouling layer [Mueller et al., 1997]. In the 
case of biofouling, microorganisms adsorb onto the membrane surface. Suppression of 
the deposition of extracellular polymeric substances appears to be essential to limit 
biofilm formation.  
Fouling can be irreversible or resistant to cleaning, hence making the original flux 
unrecoverable. In the past, strategies to control fouling by oil emulsions have relied 
heavily on pretreatment of the feed. In addition, suppression of biofouling has been 
attempted by killing microorganism using toxins, followed by mechanical removal of 
cells. The use of toxins leads to the risk of contamination of the product water, while 
mechanical removal is often uneconomical. Physical cleaning techniques such as 
relaxation (where filtration is paused), air sparging, vibration, ultrasonication and 
backwashing (where permeate is pumped in the reverse direction through the membrane) 
have been incorporated in most membrane process designs as standard operating 
strategies to limit fouling [Hilal et al., 2005; Peng and Tremblay, 2008]. These techniques 
have been shown to be effective for dealing with reversible fouling; however, they are 
less effective at limiting irreversible fouling. In addition to physical cleaning strategies, 
different types of chemical cleaning have been recommended. However, chemical 
cleaning methods using harsh conditions often damage membranes and hence shorten 
their lifespan.
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1.3 Membranes for produced water treatment 
Both polymeric and ceramic membranes have been used for produced water 
treatment [Cheryan and Rajagopalan, 1998; Mueller et al., 1997; Zaidi et al., 1992]. The 
most appropriate membrane for a given application depends on the feed water quality and 
the target use of the treated water. In general, polymeric membranes are cheaper than 
ceramic membranes. However, a disadvantage of polymeric membranes compared to 
ceramic membranes is their lower temperature stability and tolerance of harsh cleaning 
conditions. While the surface modification methods developed in my PhD work could be 
used to modify ceramic membranes, I focused on polymeric membranes since the 
temperature of the produced water is likely to be less than 50 °C by the time it reaches the 
membrane treatment step and since the non-fouling surfaces developed in my PhD work 
require less aggressive cleaning protocols. 
Several investigators have considered the use of MF membranes (pore size 0.1–10 
µm) for treatment of produced water [Arnot et al., 2000; Cumming et al., 2000; 
Koltuniewicz et al., 1995; Mueller et al., 1997; Peng and Tremblay, 2008; Zaidi et al., 
1992]. Unlike MF of particulate matter, separation of emulsions with membranes may 
involve additional phenomena such as droplet deformation, coalescence and phase 
inversion. Since the oil exists as dispersion in water, there is a range of droplet sizes and 
the potential for changes in the size distribution, which will depend on the operating 
conditions. Further complications arise due to the presence of emulsion breakers and 
fractionation compounds. For a given set of operating conditions, membrane pore size 
and structure, there will be a critical oil droplet size below which oil droplets will pass 
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into the permeate [Arnot et al., 2000; Cumming et al., 2000; Mueller et al., 1997]. For 
large pores (relative to droplet size), adsorption of oil droplets on the membrane pore 
surface (internal fouling) will occur. Consequently, modifying the internal pore surfaces 
of MF membranes which have relatively large pores with a fouling-resistant coating is 
likely to be beneficial. While there may be a small decrease in permeate flux due to 
narrowing of the pores, modifying a base membrane with a larger pore size overcomes 
this draw back. Without surface modification, a more severe mechanism for flux decline 
is coalescence and adsorption of rejected oil droplets on the membrane surface. Thus, a 
phase inversion occurs at the membrane surface during filtration. Increasing the cross 
flow velocity (wall shear rate) has a minimal effect on the permeate flux, indicating that 
the coalesced oil layer is stagnant [Mueller et al., 1997]. Addition of diatomaceous earth 
to simulate suspended solids enhances the permeate flux by forming a dynamic 
membrane layer that prevents oil from fouling the membrane by adsorbing rejected oil 
droplets and prevents the formation of a continuous coalesced layer [Mueller et al., 
1997]. The morphology of the fouling layer is affected by the membrane material and 
morphology [Mueller et al., 1997]. 
Numerous investigators have considered the use of UF membranes (pore size 1–
100 nm) for treatment of produced water [Asatekin and Mayes, 2009; Karakulski et al., 
1995; Li et al., 2006; Mueller et al., 1997; Peng and Tremblay, 2008; Santos and 
Wiesner, 1997; Szep and Kohlheb, 2010; Zaidi et al., 1992]. Since the membrane pore 
size is much smaller than MF membranes, UF fluxes are lower and the required pressure 
driving force is higher. UF is appropriate if the sizes of the micro-droplets of oil present 
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are small enough to pass through the pores of an MF membrane. In addition, the particle 
size distribution and concentration of suspended solids present will affect the choice of 
membrane pore size. Ideally, suspended solids should be rejected by the membrane but 
not be entrapped within the membrane pores. Many of the observations for MF hold for 
UF. Internal pore fouling by adsorption of oil as well as the formation of a layer of 
coalesced oil on the membrane surface occurs [Li et al., 2006; Mueller et al., 1997; Peng 
and Tremblay, 2008]. During my doctoral research work, the objective was to modify the 
surfaces of commercial UF membranes to limit foulant accumulation during the filtration 
of oily and impaired waters. 
If removal of salt is necessary, then NF or RO membranes (pore size less than 2 
nm) are required. Researchers have considered the use of NF and RO membranes for 
treatment of produced water [Karakulski et al., 1995; Louie et al., 2006; Mohammadi et 
al., 2003; Mondal and Wickramasinghe, 2008; Sagle et al., 2009; Szep and Kohlheb, 
2010; Wagner et al., 2011; Xu and Drewes, 2006]. Pretreatment by MF, UF and / or pH 
adjustment and addition of anti-scalants reduced flux decline during operation 
[Karakulski et al., 1995; Szep and Kohlheb, 2010; Xu and Drewes, 2006]. As has been 
observed for MF membranes, membrane morphology affected flux decline. Smooth 
hydrophilic membranes exhibited less flux decline than rough hydrophobic membranes 
[Mueller et al., 1997; Mondal and Wickramasinghe, 2008; Xu and Drewes, 2006]. 
Membrane fouling could be described by the intermediate blocking model, which 
assumes the number of totally blocked pores is proportional to the total permeate volume 
processed. Unlike the complete blocking model, this model does not assume that every 
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pore is fully blocked when a solute is adsorbed onto the surface of the pore [Mohammadi 
et al., 2003]. 
1.4 Surface modification of membranes 
Among the many factors that contribute to membrane fouling are the properties of 
the membranes themselves. These include hydrophobicity, charge density, surface 
roughness, and porosity [Asatekin and Mayes, 2009; Kilduff et al., 2005; Louie et al., 
2006; Mondal and Wickramasinghe, 2008], all of which can be changed using surface 
modification chemistries. A common goal of surface modification is therefore to change 
the way that the membrane interacts with its environment through its surface, while 
maintaining the mechanical properties of the bulk membrane material. Below I 
summarize common modification methods and discuss my selection of polymer 
modifiers to produce anti-fouling and self-cleaning membranes. 
1.4.1 Modification methods 
Membrane surface modification methods are numerous and include plasma 
treatment [Afardjani et al., 1993; Lai and Chao, 1990], chemical treatment (e.g., with 
protic acids) [Mukherjee et al., 1996], ion beam irradiation [Chennamsetty et al., 2006], 
physical adsorption of modifiers (e.g., surfactants, block copolymers) [Louie et al., 2006], 
and grafting [see references below]. Among the simplest methods to modify membrane 
surfaces is coating (physical adsorption) using functional polymers [Brink et al., 1993; 
Kim et al., 2004; Louie et al., 2006; Reddy et al., 2003] or surfactants [ Jonsson and 
Jonsson, 1990; Wilbert et al., 1998]. Coating is the most widely used method for 
industrial scale applications. Traditional coating techniques such as dip coating and spray 
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coating involve wetting the membrane substrate with polymer solution and then fixing 
the polymer coating on the membrane by curing through removal of solvent or by using 
the phase inversion method. The major drawback with using physical coating methods to 
modify membranes is that it is difficult to control the pore size or the pore size 
distribution of the modified membrane. Also noteworthy is that the polymer coating on 
the membrane is not permanent, so it can leach from the membrane. During my PhD 
work, focus was given to polymer grafting methods that lead to permanent surface 
modification. Below I present some commonly used graft polymerization strategies for 
membrane surface modification, along with examples on how they have been used to 
modify membranes. In general, they differ by the mechanism used for radical generation. 
 Ultraviolet (UV) graft polymerization. In this method, a UV radical initiator such 
as benzophenone (BP) is grafted onto the membrane surface in a first step. Thereafter, the 
sample is irradiated with UV light in the presence of monomer, and polymer grows from 
the surface by monomer addition [Hilal et al., 2003, 2004; Kilduff et al., 2005; Pieracci et 
al., 1999, 2000, 2002, 2002]. In some cases, such as with poly(ether sulfone) (PES), UV 
radiation generates radicals on the membrane surface without the need for a 
photoinitiator. Professor Georges Belfort‘s group has developed this strategy to graft 
polymerize a number of monomers from PES and polysulfone (PSf) membranes to 
reduce their fouling potential. For example, Taniguchi et al. [2003] and Taniguchi and 
Belfort [2004] used this technique to prepare modified PES UF membranes that showed 
reduced interaction with natural organic matter (NOM), as a way to reduce the fouling 
caused by NOM. Six different hydrophilic monomers were evaluated for their ability to 
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reduce fouling: two neutral monomers, N-vinyl-2-pyrrolidinone (NVP) and 2-
hydroxyethyl methacrylate (HEMA); two weakly acidic (carboxylic) monomers, acrylic 
acid (AA) and 2-acrylamidoglycolic acid (AAG); and two strongly acidic (sulfonic) 
monomers, 3-sulfopropyl methacrylate (SPMA) and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS). Kilduff et al. [2005] provide an excellent review of those 
works and others that use UV grafting to reduce membrane interactions with NOM. In an 
attempt to develop membranes with a low biofouling potential, Hilal and co-workers 
surface modified commercial PES [Hilal et al., 2003] and commercial polyvinylidene 
fluoride (PVDF) [Hilal et al., 2004] via photo-initiated graft polymerization with two 
different hydrophilic monomers, 2-(dimethylamino)ethyl methacrylate (DMAEMA) or 
AMPS. Although UV grafting is a useful method in membrane surface modification, it is 
difficult to achieve controlled polymerization using this method, and this often leads to 
pore blocking by grafted polymer during modification and hence reduced membrane 
permeability. One additional drawback is that modification requires UV transparency of 
the material.  
 Redox-initiated graft polymerization. This method involves using a redox system, 
such as potassium persulfate and potassium metabisulfite to generate radicals by 
attacking the polymer backbone of the membrane material. The polymer grows by 
monomer addition [Belfer et al., 1998, 2004; Freger et al., 2002; Gilron et al., 2001]. 
Belfer et al. [1998] used potassium persulfate-potassium metabisulfite as an oxidant-
reductant initiator pair to graft two monomers, methacrylic acid (MA) and poly(ethylene 
glycol) methacrylate (PEGMA) from commercial composite polyamide RO membranes. 
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They later used the same method to develop membranes for treating wastewater streams 
by modifying commercial NF membranes using hydrophilic monomers to change their 
adsorption and solute rejection properties and their susceptibility to fouling [Belfer et al., 
2004]. Freger et al. [2002] used the same method to modify commercial thin film 
composite hydrophobic polyamide membranes by grafting hydrophilic monomers (AA, 
MA, PEGMA, SPMA and others) as a possible route to improve the fouling properties of 
the membranes. One major drawback of this method is that it leads to a reduction in 
membrane permeability due to pore blocking caused by polymerization taking place 
inside the pores of the membrane support as a result of penetration of the monomer 
through the active layer. 
Plasma-initiated graft polymerization. In this method, the membrane is treated by 
plasma (e.g., argon, helium) and then post-plasma grafting of a hydrophilic polymer is 
done from the vapor phase [Chen and Belfort (1999); Ulbricht and Belfort (1995, 1996); 
Wavhal and Fisher (2002, 2003)]. Ulbricht and Belfort [1995, 1996] studied the low 
temperature plasma-induced surface modifications of polyacrylonitrile (PAN) and PSf 
UF membranes. Treatment of the UF membranes with helium/water plasma or helium 
plasma followed by exposure to air significantly increased their surface hydrophilicity. 
Graft polymerization of hydrophilic monomers such as HEMA and AA or MA from PAN 
and PSf UF membrane surfaces was initiated via thermal decomposition of polymer 
peroxides on the membranes created by plasma excitation. Chen and Belfort [1999] used 
low-temperature helium plasma treatment followed by the grafting of NVP from PES UF 
membranes to modify commercial PES membranes. The surface modified membranes 
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were notably less susceptible to protein fouling than the virgin PES membrane. In 
addition, the modified membranes were easier to clean and required low concentrations 
of caustic to recover permeation flux. Wavhal and Fisher [2002] achieved complete and 
permanent hydrophilic modification of PES membranes by argon plasma treatment 
followed by PAA grafting in vapor phase. Both argon plasma treatment alone and post-
PAA grafting rendered the PES membranes completely hydrophilic. The hydrophilicity 
of the membranes treated with only the argon plasma was not, however, permanent. In 
contrast, the PES membranes treated with argon plasma and subsequent PAA grafting 
were permanently hydrophilic. The argon treated and AA grafted membranes were less 
susceptible to protein fouling than the unmodified membranes. The pure water fluxes 
were 38–48% higher for argon plasma treated membranes and 54–60% higher for AA 
grafted membranes than unmodified membranes. Also the flux recovery after water 
cleaning was 20–24% higher for argon plasma treated membranes and 74–87% higher for 
AA grafted membranes than unmodified membranes. Likewise, flux recovery after 
caustic cleaning was 20–24% higher for argon treated membranes and 47–49% higher for 
AA grafted membranes than unmodified membranes. They later used the same technique 
to modify porous PES membranes by grafting polyacrylamide (PAAm) in the vapor 
phase [Wavhal and Fisher (2003)]. PAAm grafting made the membrane surface less 
susceptible to protein fouling. The graft-modified membranes also gave greater flux 
recoveries after cleaning, indicating that the protein fouling layer was reversible because 
of the hydrophilic nature of the modified membranes. One of the major limitations of 
 15 
plasma treatment is that it often results in etching of the base membrane substrate, 
leading to loss of base polymer material and changes to the membrane pore morphology.  
 Radiation (non-UV) graft polymerization. This approach uses e-beam or γ-ray 
irradiation to graft reactive poly(glycidyl methacrylate) (PGMA) to the membrane 
surface. The epoxy groups of the grafted PGMA serve as reaction sites for additional 
chemistry to be done to the surface [Kim and Saito, 2000; Kim et al., 1991, 1996; 
Kobayashi et al., 1993; Yamagishi et al., 1993]. Kim et al. [1991] introduced alcoholic 
hydroxyl or diol groups onto porous polyethylene (PE) hollow fiber membranes by 
radiation-induced grafting of vinyl acetate (VAc) or glycidyl methacrylate (GMA) 
followed by saponification or acid hydrolysis. The modified membranes produced higher 
pure water fluxes and less protein fouling than the unmodified membranes. Kobayashi et 
al. [1993] used radiation-induced polymerization to graft tertiary-amino-group-containing 
monomers, diethylaminoethyl methacrylate (DEAEMA) and vinyl pyridine (VP), and an 
epoxy-group-containing monomer, GMA, onto porous PE hollow-fiber membranes. 
Yamagishi et al. [1993] grafted methyl methacrylate (MMA) from cellulose triacetate MF 
membranes by radiation-induced graft polymerization. Radicals were produced on the 
cellulose triacetate MF membranes after irradiation with electron beams. The radicals 
generated were reacted with the MMA monomer both in vapor and liquid phases. Since 
surface functionality is created by excitation with high energy irradiation, radiation-
induced graft polymerization leads to breaking of chemical bonds and ultimately 
degradation of the membranes. This degradation is a significant drawback in using this 
method for surface modification of polymeric membranes. 
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 Thermal graft polymerization. During this method the membrane surface is 
pretreated to add surface-bound vinyl groups that serve as the anchoring sites for polymer 
chains, which are grafted from the surface by thermally activated free-radical graft 
polymerization. Faibish and Cohen [2001, 2001] developed fouling-resistant ceramic-
supported polymer (CSP) UF membranes for treatment of oil-in-water micro-emulsions. 
The CSP zirconia-based membranes were prepared via thermal initiated free-radical graft 
polymerization of vinylpyrrolidone from the membrane surfaces. Irreversible fouling was 
not observed for the PVP-modified membrane. In contrast, the pristine membrane was 
irreversibly fouled by the oil-in-water micro-emulsion. High temperatures and harsh 
reaction solvents are used during thermal initiated graft polymerization and these reaction 
conditions can damage polymeric membranes. Another drawback is that temperature-
induced polymerization in solution can occur, leading to pore blockage by physically 
adsorbed polymer. 
 Atom-transfer radical polymerization (ATRP). This is a relatively new, catalyst-
activated, controlled radical process in which a radical initiator is anchored onto the 
membrane surface. The catalyst initiates polymerization by reversible abstraction of a 
halogen atom from the surface, and polymer chains grow by monomer addition from the 
surface. Our group [Bhut et al. 2008, 2012; Bhut and Husson, 2009; Singh et al. 2005, 
2008, 2008; Tomer et al., 2009; Wandera et al., 2011, 2012] and others [Balachandra et 
al., 2003; Berndt and Ulbricht, 2009; Friebe and Ulbricht, 2007, 2009; Sun et al., 2006] 
have used surface-initiated ATRP to graft polymers with controlled structures from dense 
and porous membrane surfaces. Surface-initiated ATRP allows relatively fine control 
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over the average molecular weight and grafting density of polymer chains [Börner et al., 
2002], and yields polymer chains with low polydispersity [Matyjaszewski and Xia, 
2001].  During ATRP, only surface bound radicals are formed; therefore, no radicals are 
co-produced in solution. Hence, polymer chains grow from the surface only and no 
polymer is co-produced in solution. As a controllable chain growth technique, ATRP 
allows for control of chain molecular weight (nanolayer coating thickness) to avoid pore 
filling [Singh et al., 2008]. Polymerization can be stopped by removal of the membrane 
from solution and then restarted by placing the membrane back into solution and 
reinitiating polymer chains. The controlled nature of the polymerization ensures that a 
high percentage of polymer chains remain active for reinitiation. This feature makes 
ATRP highly attractive for preparing block copolymers [Berndt and Ulbricht, 2009; 
Friebe and Ulbricht, 2009; Kim et al., 2002; Matyjaszewski et al., 1999]. Unlike all 
methods that require activation by an external radical generator, modification by ATRP 
can be done within membrane modules normally used for water purification since it is 
activated by a solution-phase catalyst.  
1.4.1.1 “Controlled” surface-initiated polymerization 
Edmondson et al., (2004) presented an overview of different ―controlled‖ surface-
initiated polymerization methods. These include living ring opening polymerization 
(ROP) [Jordan and Ulman, 1998], living anionic polymerization [Jordan et al., 1999], 
living cationic polymerization [Zhao and Brittain, 2000], and ring opening metathesis 
polymerization (ROMP) [Juang et al., 2001; Kim et al., 2000].The relatively newer 
―controlled‖ surface-initiated polymerization methods that have been utilized to graft 
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polymer chains include nitroxide-mediated radical polymerization (NMRP) [Bartholome 
et al., 2003; Blomberg et al., 2002; Husseman et al., 1999], reversible addition–
fragmentation chain transfer (RAFT) radical polymerization [Baum and Brittain, 2002], 
photoiniferter-mediated photopolymerization (PMP) [Rahane et al., 2005, 2008], and 
ATRP [Matyjaszewski et al., 1999; Zhao and Brittain, 2000].  My PhD research mainly 
involved using ATRP to graft block copolymer nanolayers from the surfaces of UF 
membranes. The Husson group extensively uses surface-initiated ATRP to graft polymers 
with controlled architectures from non-porous and porous surfaces, including membranes 
[Bhut et al. 2008, 2012; Bhut and Husson, 2009; Singh et al. 2005, 2008, 2008; Tomer et 
al., 2009; Wandera et al., 2011, 2012]. 
 
Scheme 1.1 General mechanism for typical atom transfer radical polymerization (ATRP). 
Permission to reproduce was provided by Dr. S. M. Husson.  
ATRP is a relatively new controlled radical polymerization technique. In recent 
years, it has been the most widely employed technique for the formation of polymer 
chains via surface-initiated polymerization. ATRP is compatible with a variety of 
functionalized monomers, and the living/ controlled character of the ATRP process yields 
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polymers with a low polydispersity (MW/Mn) that are end-functionalized and so can be 
used as macro-initiators for the formation of di- and triblock copolymers. Scheme 1.1 
shows a general mechanism for a typical ATRP system. As a multi-component system, 
ATRP is composed of the monomer, an initiator with a transferable (pseudo)halogen, and 
a catalyst, composed of a transition metal species with a suitable ligand. For a successful 
ATRP process, other factors, such as solvent(s) and temperature, must also be taken into 
consideration during formulation. During the process, the transition metal catalyst 
complex undergoes an electron oxidation by abstracting a halogen from the dormant 
species, R–X. This creates an active radical and a transition metal complex in a higher 
order oxidation state. ATRP proceeds with an equilibrium rate constant, K calculated as 
the quotient of the rate constants of activation, kact and deactivation, kdeact. The dormant 
species, R–X are initiator molecules at the beginning of the reaction and dormant 
polymer chains at any time during the reaction. The active radical reacts with monomer 
from solution in a manner similar to a convectional radical polymerization, with the rate 
constant of propagation, kp. Radicals or active polymer chains may also react with other 
unsaturated species and can undergo bi-molecular termination (coupling). ATRP is 
unique in that the equilibrium is always shifted more towards the dormant species by 
maintaining a very low equilibrium rate constant, K (kdeact>>>kact).  Therefore, a very low 
number of radicals or active polymer chains are present at any instant during 
polymerization and this minimizes the possibility of irreversible termination. In the 
absence of any side reactions other than radical termination by coupling or 
disproportionation, the magnitude of the equilibrium rate constant, K determines the 
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polymerization rate. ATRP will not occur or will occur very slowly if the equilibrium 
constant is too small. In contrast, too large an equilibrium constant will lead to a large 
number of termination events because of a high radical concentration. This will be 
accompanied by a buildup of the higher oxidation state metal complex in solution, which 
will shift the equilibrium toward dormant species and may result in the apparently slower 
polymerization. 
A successfully well-controlled ATRP protocol will not only have a small 
percentage of terminated chains, but also uniform growth of all the chains, which is 
accomplished through fast initiation and rapid reversible deactivation. During ATRP, the 
growing or active polymer chains are deactivated reversibly to the dormant species and 
again to the active chains. This allows the slow and uniform growth of polymer chains 
[Matyjaszewski and Xia, 2001].  
Polymer nanolayer structural properties on a membrane surface, especially 
polymer grafting density, are critical factors in the design of membranes to control 
surface fouling. At the same time grafting density is important in grafting polymer from 
the membrane surface to make it temperature responsive since it impacts layer 
responsiveness via reversible swelling and collapse. Therefore, there may be an optimum 
density of chains that provides protection to the underlying membrane substrate as well 
as high degrees of swelling/deswelling. High grafting density leads to low 
responsiveness, while low grafting density leads to poor antifouling properties. Surface-
initiated ATRP allows relatively fine control over the average molecular weight and 
grafting density of polymer chains to design membranes with optimum performance 
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properties. Therefore, surface-initiated ATRP was utilized during my doctoral research to 
design advanced membranes that were not only fouling-resistant but could also be 
regenerated by a simple, chemical-free, water rinse. 
1.4.2 Selection of polymer modifiers 
Kilduff et al. [2005] point out that a significant fraction of the work that has been 
done on membrane graft polymerization has been motivated by the needs of the 
biotechnology industry to prevent protein fouling of UF membranes. Interestingly, many 
of the features that lead to effective biofouling resistance also work well for resistance to 
abiotic foulants. For example, a common approach to modify water treatment membranes 
is to graft hydrophilic polymers that increase membrane wettability, and reduce their 
potential to foul. It appears that intermediate values of wettability (water contact angles 
of ~35-42°) yield good antifouling behavior [Kaeselev et al., 2001; Kilduff et al., 2002]. 
Among the polymers that satisfy this condition is polyethylene glycol (PEG). The high 
chain mobility and high excluded volume of PEG allows coatings made from it and its 
derivatives to resist interlayer penetration of biomolecules in an aqueous environment. 
This same mechanism appears to work well at resisting the penetration of organic 
foulants, which is why in my PhD work PPEGMA was grafted as the outer block from 
membrane surfaces to improve their antifouling properties. 
Realizing that foulant accumulation is inevitable even for the most effective 
antifouling coatings, incorporating a second functionality that facilitates cleaning is 
beneficial. Here again, one can look to the bioengineering community and work on cell 
sheet engineering where temperature responsive polymer-coated culture dishes are 
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utilized. Cells are grown on these temperature responsive dishes at 37 °C and then 
harvested as intact sheets by temperature reduction to 20 °C [Yang et al., 2005].  
Temperature-responsive poly(N-isopropylacrylamide) (PNIPAAm) is covalently grafted 
onto normal tissue-culture polystyrene dishes, with radical polymerization initiated by 
electron-beam irradiation. PNIPAAm-grafted culture surfaces enable the control of cell 
adhesion with simple temperature changes, by exploiting the significant property changes 
of the polymer across its lower critical solution temperature (LCST). I exploited the 
responsive properties of PNIPAAm nanolayers for my need to detach foulants from 
modified membrane surfaces.  PNIPAAm exhibits an LCST at 32 °C, as first reported by 
Heskins and Guillet [1968]. PNIPAAm chains hydrate to form a random coil structure 
below LCST and collapse to form a globular structure above LCST. Since its physical 
and chemical properties are controlled easily by changing the temperature, PNIPAAm is 
used widely to prepare temperature-responsive materials, including many examples with 
membranes [Berndt and Ulbricht, 2009; Friebe and Ulbricht, 2009; Wandera et al., 2010]. 
Therefore, PNIPAAm was grafted as the inner block from membrane surfaces to make 
them temperature responsive. 
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1.5 Stimuli-responsive membranes 
1.5.1 General overview 
The rapidly increasing interest in functional materials with reversibly switchable 
physicochemical properties has led to significant work on the development of stimuli-
responsive membranes, for which mass transfer and interfacial properties can be adjusted 
using external stimuli: temperature, pH, solution ionic strength, light, electric and 
magnetic fields, and chemical cues. Of particular interest in the development of 
responsive membranes is the fact that the reversible changes occur locally at a fast rate 
and with high selectivity. Non-porous and porous stimuli-responsive membranes have a 
large number of already established applications and many more potential applications 
where they are key components in complex technical systems such as sensors, separation 
processes, and drug delivery devices. Enabling reversible changes in polarity or 
conformation, stimuli-responsive polymers generally are considered important materials 
(building blocks) for developing responsive membrane systems. 
1.5.2 Responsive mechanisms 
Building responsiveness into a membrane depends in part on whether the 
membrane has a porous or non-porous structure. Porous membranes generally are made 
responsive by grafting responsive polymer layers from the membrane external surface 
and, often, the pore walls. These functional polymers can be made to undergo changes in 
conformation in response to changes in the local environment, leading to reversible 
changes in the permeability and selectivity of the membranes. Non-porous membranes 
generally are made responsive by incorporating stimuli-responsive groups in the bulk of 
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the membrane material. Conformational changes by these groups may lead to changes in 
the degree of swelling of the membrane barrier, hence triggering changes in the 
membrane permeability and selectivity. Of course, responsiveness in membrane systems 
is not limited to affecting a change in membrane barrier properties. Changes also may 
influence the ability of a membrane to bind and release a target compound, as needed, for 
example, to develop membrane adsorbers. Controlling the hydrophilic/hydrophobic 
behavior of a membrane surface using external stimuli can be used to reduce the level of 
membrane fouling and to design self-cleaning membrane surfaces, as was done in my 
work. 
Stimuli-responsive membranes exploit the interplay among the pore structure and 
changes in the conformation/polarity/reactivity of responsive polymers or functional 
groups in the membrane bulk or on its surfaces. Such changes in specially tailored 
polymer systems have been used in many systems and devices to enable applications that 
demand reversibly switchable material properties. It follows that novel membranes can be 
designed using polymers/molecules that have been shown to undergo physicochemical 
changes in response to environmental cues. Responsiveness is known to occur as a two 
step process: (i) use of stimuli to trigger specific conformational transitions on a 
microscopic level and (ii) amplification of these conformational transitions into 
macroscopically measurable changes in membrane performance properties.  
Membrane stimuli-responsive properties can be explained based on phase 
transition mechanisms of the membrane materials (polymers) in controlled environments. 
Phase transitions may be induced by solvent quality, concentration or type of ions, 
 25 
temperature and other chemical or physical interactions. Polymer responsive mechanisms 
have been well explained in reviews by Luzinov et al. [2004] and Minko [2006]. 
Responsiveness generally refers to changes in polymer chain conformations. All 
polymers are sensitive to their immediate environments. They always respond to external 
stimuli to some extent by changing their conformation along the backbone, side chains, 
segments or end groups. Therefore, sophisticated membrane systems with responsive 
properties can be designed by variation of polymer chain length, chemical composition, 
architecture and topography. Most polymer responsive mechanisms are based on 
variations in surface energy, entropy of the polymers, and segmental interactions. Surface 
energy drives the surface responsive reorientation because, fundamentally, systems try to 
minimize the interfacial energy between the polymer surface and its immediate 
environment.  
To understand the impact of solvent quality on responsiveness, it is instructive to 
examine how polymer chains behave in solution. The root-mean-square end-to-end 
distance of a polymer chain is normally expressed as, 
N
1 22 1 2nr C=α( ) l
                                                                                                          (1.1)
 
where α is the chain expansion factor, which is a measure of the effect of excluded 
volume; n is the number of freely jointed links in a hypothetical polymer chain of equal 
length, l; and CN is the characteristic ratio, which contains contributions from fixed 
valence angles and restricted chain rotation [Fried, 2003]. Another way to express the 
above equation is by using the unperturbed (denoted by subscript 0) root-mean-square 
end-to-end distance: 
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The unperturbed dimensions are those of a real polymer chain in the absence of excluded 
volume effects, i.e., for α = 1. In a poor solvent (α < 1), the dimensions of the polymer 
chain are smaller than those in the unperturbed state (α = 1). While in a good solvent (α > 
1), where polymer-solvent interactions are stronger than polymer-polymer or solvent-
solvent interactions, the dimensions of the polymer chain are larger than those in the 
unperturbed state (α = 1). So it can be said that polymers expand in good solvents and 
collapse in poor solvents. An example of this behavior is expansion and collapse of  
PNIPAAm in water at different temperatures. At temperatures below the LCST, water is 
a good solvent, and PNIPAAm expands. When the temperature is increased above the 
LCST, water becomes a poor solvent, and PNIPAAm collapses. Changes in characteristic 
size between good and poor solvents are normally much more pronounced for surface-
confined polymer chains than for polymer chains in solution. Thus, grafting PNIPAAm 
chains from a membrane surface as I have done imparts a temperature-responsiveness to 
that membrane.  
Grafting density is another parameter that affects the conformational 
responsiveness of polymer chains. At low chain grafting density, in the absence of strong 
interactions between the grafted polymer and the support surface, the response of the 
grafted chains to solvent quality is similar to that of the free polymer in solution. Yet, at 
high grafting density, the response is weaker. The explanation is that high grafting 
density translates to a crowded layer of already highly stretched polymer chains. At 
moderate grafting densities, polymers in poor solvents form clusters on the surface to 
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avoid unfavorable interactions with the solvents. In good solvents, the polymers in this 
moderate grafting density region swell and form homogenous layers of stretched, tethered 
chains. At these moderate grafting densities, the polymer chains demonstrate a 
pronounced response to solvent quality.  
The polymers used to prepare responsive membranes need not be neutral. 
Polyelectrolytes (PELs) have ionizable groups, and their interactions are determined in 
part by the degree of dissociation (f) of these ionizable groups. Due to their high f, strong 
PELs generally are insensitive to solution pH and ionic strength. Weak PELs respond to 
changes in external pH and ionic strength and may undergo abrupt changes in 
conformation in response to these external stimuli. Weakly basic PELs expand upon a 
decrease in pH, while weakly acidic PELs expand upon an increase in pH. At high ionic 
strength, weak PELs tend to collapse due to effective screening of like charges along the 
PEL. 
Photo-chromic units (azobenzene, spiropyran, diarylethene, viologen) undergo 
reversible photo-isomerization reactions on absorption of light. Reversible photo-
isomerism leads to switching between two states of the photo-chromic moieties, hence 
leading to molecular changes in group polarity, charge, color, and size. These molecular 
changes can be amplified into measurable macroscopic property changes. For example, 
membranes containing viologen groups have permeabilities that can be regulated 
reversibly by redox reactions. The viologen moieties have two different redox states [Liu 
et al., 2003]. On treatment with a reducing agent such as sodium hydrosulfite (Na2S2O4) 
solution, viologens undergo reversible reduction from the dicationic state to the radical 
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cationic state. Normally viologens in the dicationic state are highly soluble in water, but 
their solubility decreases in the reduced radical cation state. Therefore, in viologen 
grafted membranes, when the grafted viologen is in its dicationic state, the polymer chain 
may be expelled by the charges on the side chains and extend more in the pores leading 
to low permeabilities. Whereas, when the grafted viologen polymer is changed to its 
cationic state, the hydrophobic radical chains may be in a more entangled or collapsed 
state leading to higher permeabilities. 
Finally, while many works employ one responsive mechanism, the literature 
contains examples of membranes modified by mixed polymers or block copolymers, 
where each polymer responds to a different stimulus. Mixed polymer brushes and block 
copolymers may impart adaptive/switching properties due to reversible microphase 
segregation among the different functionalities in different environmental conditions. For 
example, the individual polymers may change their surface energetic states upon 
exposure to different solvents. By imposing combinations of two or more independent 
stimuli, such membranes exhibit more sophisticated permeability responses than 
membranes modified by a single polymer type. 
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1.5.3 Temperature-responsive membranes 
Over recent years, applications of temperature-responsive membranes as drug 
delivery systems, sensors, and solute separation systems have been investigated widely 
by many groups [Wandera et al., 2010]. PNIPAAm is among the polymers that is well 
known to respond to changes in temperature and has been applied broadly to develop 
temperature-responsive membranes. PNIPAAm is soluble in water at room temperature, 
but undergoes a phase separation at temperatures higher than its LCST, which is near 32 
ºC. Above 32 ºC, the intrinsic affinity of PNIPAAm chains for themselves is enhanced 
due to thermal dissociation of water molecules from the hydrated polymer chains. 
Hydrophobic interactions among isopropyl groups increase and the polymer chains 
associate preferentially with each other, thus precipitating from aqueous solution. Such a 
phase transition alters membrane structure and barrier properties. Temperature-
responsive polymers can be incorporated into the membrane bulk during membrane 
formation or as surface-modifying agents following membrane formation. These general 
strategies are described separately in detail with numerous specific examples by Wandera 
et al. [2010]. Below are some recent noteworthy examples of work that has been done to 
develop temperature-responsive membranes through surface modification.  
Lokuge et al. [2007] exploited the temperature responsiveness of PNIPAAm to 
achieve actively controlled thermoresponsive, size-selective transport by grafting 
PNIPAAm brushes from gold-coated nanocapillary array membranes using ATRP. A 
smooth Au layer on the track-etched polycarbonate (PC) membrane surfaces was 
prepared by thermal evaporation of ~50 nm Au on the exterior surfaces. An initiator-
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terminated disulfide (BrC(CH)2COO(CH2)11S)2 was self-assembled on the gold surfaces. 
PNIPAAm brushes with thicknesses between 10−30 nm were grafted from the Au 
surfaces by surface-initiated ATRP. Molecular transport through the membranes was 
investigated by fluorescence measurements using fluorescein isothiocyanate-labeled 
dextrans ranging from 4.4 to 282 kDa. Membranes had variable pore diameters as a result 
of different PNIPAAm thicknesses grafted. It was observed that manipulating the 
temperature of the membranes below and above the LCST of PNIPAAm caused large, 
size-dependent changes in the transport rates. It also was noted that a combination of 
highly uniform PNIPAAm brushes and monodispersed pore size was critical to have 
highly reproducible switching behavior.  
Lue et al. [2007] immobilized cross-linked PNIPAAm polymer networks into 
microporous track-etched PC films to create temperature-responsive composite 
membranes for controlled drug release. These membranes exhibited rapid and reversible 
responses to temperature changes, resulting in on-off drug permeation. The on-off ratios 
for water and for model drugs, 4-acetamidophenol and ranitidine HCl were as high as 26, 
11, and 20, respectively.  
Nystrom and coworkers [2008] grafted PNIPAAm from polysulfone (PS) 
membranes that had been treated with corona discharge. They observed that despite the 
apparent low grafting densities observed from SEM images, the effect of grafting 
PNIPAAm on water permeability and solute retention was clear. The permeabilities and 
retentions of PEG and dextran were influenced by temperature for the modified 
membranes but not significantly for the unmodified membranes, and changes were 
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greatest around the LCST of PNIPAAm. A higher permeability and lower retention were 
measured at temperatures above the LCST where it is known that the membranes have 
larger pores due to collapse of the grafted PNIPAAm. They also reported that grafting 
PNIPAAm on PS increased the hydrophilicity of the membranes below the LCST of 
PNIPAAm, as determined by contact angle measurements. 
Alem et al. [2008] reported on the temperature-responsive behavior of PNIPAAm 
brushes grafted in the nanopores of track-etched membranes. The membranes were 
prepared by water-accelerated, surface-initiated polymerization of NIPAAm from the 
nanopore walls of PET membranes. Base membranes had two different pore sizes: 80 nm 
(small pores) and 330 nm (large pores). Modification was done by ATRP and standard 
free radical polymerization. The authors observed two permeation control mechanisms 
depending on the membrane pore size. For the large pore membranes, expanded 
PNIPAAm chains at T < LCST resulted in reduced effective pore size and, hence, lower 
permeabilities than for the collapsed chains at T > LCST. For the small pore membranes, 
the PNIPAAm layers at the membrane surface were the controlling factor for permeation. 
Expanded chains meant greater degrees of hydration in the surface layer and, therefore, 
higher permeabilities than for the collapsed chains, which yielded a dense surface film. 
Fan et al. [2009] developed a class of temperature-responsive membranes by 
immobilizing PNIPAAm or P(NIPAAm-co-AA) (2 mol% AA) on the surface and inside 
the pores of hydrophilized PVDF membranes. Doxycycline HCl permeability through the 
PVDF-g-P(NIPAAm-co-AA) membranes at 33 ºC almost doubled compared to that at 32 
ºC. The authors demonstrated using in vitro studies with mouse skin mounted beneath the 
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membranes that the doxycycline HCl release would be switched on and off at the LCST 
of PNIPAAm. It was observed that at 32 ºC there was no release through the skin after 24 
h, while at 33 ºC, 30 µg/cm
2
 of doxycycline HCl accumulated in the receiving reservoir 
after passing through the skin. Permeability values for the ‗on state‘ were similar to those 
measured for unmodified PVDF/mouse skin composite. The authors envision that these 
membranes may find application as transdermal controlled-release systems for treating 
fever symptoms, where variations in skin temperature may occur. 
Surface-initiated ATRP has been used to synthesize temperature-responsive 
PNIPAAm layers on chemically inert microporous PP membranes [Wan et al., 2009]. 
Hydroxyl groups were first introduced on the inert membrane surfaces by the UV-
induced graft polymerization of 2-hydroxyl methacrylate. ATRP initiators were then 
immobilized through the reaction between the tethered hydroxyl groups and 2-
bromoisobutyryl bromide, an initiator group for the ATRP of NIPAAm from the 
membrane surface. Modified membranes showed significant changes in time-dependent 
water contact angles at different temperatures with the critical temperature observed 
between 30 and 35 ºC. The authors reported that the water flux values of the modified 
membranes declined with decreasing temperature and the temperature-responsive 
changes in flux were reversible. They attributed the temperature-responsive changes to 
the changes in membrane pore size caused by the conformational changes of the grafted 
PNIPAAm chains. 
Li et al. [2009] fabricated a series of temperature-responsive gating membranes 
by grafting PNIPAAm chains in the pores of anodic aluminum oxide (AAO) porous MF 
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membranes using ATRP. They report using ATRP to control the PNIPAAm chain length 
and chain density. They observed from the diffusional permeability of vitamin B12 
through the membranes below and above the LCST of PNIPAAm that both the chain 
length and graft density were key factors for obtaining PNIPAAm-grafted membranes 
with the desired temperature-responsive gating characteristics, and they suggest that the 
influence of grafting length was more significant than that of the grafting density. The 
grafted PNIPAAm chains showed reversible and reproducible temperature-responsive 
behavior in the AAO membrane pores. 
Temperature-responsive membranes can be categorized by how responsiveness is 
introduced to the membrane: incorporation of responsive groups in the bulk or on the 
surface. Membranes with bulk responsiveness to temperature show decrease in barrier 
properties above LCST due the fact that the entire polymer layer (membrane structure) 
collapses into a dense film. On the other hand, porous membranes with surface modifier 
layers generally show the reverse trend, as their pores open when the polymer layer 
collapses [Wandera et al., 2010]. Non-porous membranes or porous membranes where 
the surface modifier layer covers the external membrane surface behave like membranes 
with bulk responsiveness. The behavior of interpenetrating polymer network (IPN) 
systems depends on the type of system: non-hydrogel-based IPNs behave more like 
surface-modified membranes, while IPN hydrogels act more like bulk responsive 
membranes. For my doctoral work, I grafted PNIPAAm from membranes to impart 
temperature responsiveness to the membrane surfaces. The temperature responsiveness 
made it possible for the membranes to self-clean during the filtration of oily water. 
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1.6 Membrane characterization 
The characterization of membranes can be divided into physiochemical 
characterization and performance characterization. Physiochemical characterization leads 
to the determination of structural, morphological and functional properties of the 
membranes before and after modification. Membrane physiochemical characterization 
also is carried to compare unmodified and modified membrane properties before and after 
testing with a wastewater feed. This characterization is important to evaluate the level of 
membrane fouling upon exposure to a wastewater feed. Structural properties include the 
average pore size and pore size distribution. Morphological properties include membrane 
pore structure and surface topography. Membrane functional properties may include 
chemical functionality and surface properties such as hydrophilicity and hydrophobicity. 
On the other hand, membrane performance characterization involves testing the 
performance of the unmodified and modified membranes in treating different types of 
wastewater. This characterization is done by evaluating membrane permeability, 
membrane fouling, and permeate quality. 
During my doctoral research, I have used Attenuated Total Reflection Fourier-
Transform Infrared Spectroscopy (ATR-FTIR), Atomic Force Microscopy (AFM), 
Confocal Laser Scanning Microscopy (CLSM) and Scanning Electron Microscopy 
(SEM) for characterization of membrane physiochemical properties. ATR-FTIR was used 
to provide information on the surface chemical functionality of the membranes before 
and after polymer grafting. The ATR-FTIR technique has been applied widely for 
characterizing the active surface of membranes and for foulant identification [Loh et al., 
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2009; Mondal and Wickramasinghe, 2008; Tang et al., 2007].  AFM was used to 
characterize the changes in the surface topography and morphology of the membranes 
resulting from surface modification. Surface roughness values of the unmodified and 
modified membranes also were obtained using AFM. CLSM was used to study the intra-
membrane initiator distribution and thereby visualize uniformity of modification 
throughout the membrane. The CLSM technique has been used before to study ligand 
distributions directly within membranes [Wang et al., 2008; Wickramasinghe et al., 
2006]. SEM was utilized to ―visualize‖ membrane surfaces, both unmodified and 
modified, before and after filtration, as well as membranes after filtration and cleaning by 
water rinse to study membrane fouling. Earlier works have highlighted the value of the 
SEM method in detecting membrane fouling [Loh et al., 2009; Mondal and 
Wickramasinghe, 2008]. 
Membrane permeability is an important performance property that has to be 
determined during the characterization of membranes for water treatment. Permeability is 
determined by measuring the water flux through the membranes under a given set of 
conditions (pressure, temperature, cross-flow velocity). Water flux measurements are 
done by carrying out direct-flow or cross-flow filtration experiments to measure 
productivity (i.e., the volumetric filtrate flux), capacity (i.e., the total volume that can be 
processed per unit membrane area before the membrane must be cleaned), and effluent 
water quality such as Biological Oxygen Demand (BOD), Chemical Oxygen Demand 
(COD), Total Organic Carbon (TOC), Total solids (TS), Total Dissolved solids (TDS), 
Total Suspended Solids (TSS), conductivity, turbidity and pH.  All these parameters 
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ensure that the performance properties of the membranes are properly evaluated. It is also 
important to determine the relationship between applied pressure and water flux. Polymer 
grafting from the membrane surface provides an additional resistance to flow leading to a 
reduction in the water flux. Polymer grafting from porous membranes leads to a reduction 
in the effective pore size, which also decreases flux. Therefore, water flux measurements 
can be used to evaluate the effect of polymer coating on the effective pore size of 
membranes. Tomer et al. [2009] and Wandera et al. [2011] demonstrated that polymer 
grafting led to decreases in the water flux. Subsequently, Wandera et al. [2012] used 
water flux measurements to study how both the density and molecular weight of polymer 
chains grafted from membrane surfaces can be tailored to optimize membrane 
performance. 
Capacity (i.e., the total volume that can be processed per unit membrane area 
before the membrane must be cleaned) is an important indicator of fouling when using 
membrane filtration for wastewater treatment. Membranes that are resistant to fouling 
process large volumes of water per unit membrane prior to cleaning. Membranes coated 
with polymers known to have good antifouling characteristics have been shown to allow 
higher cumulative volumes of water to be processed over time prior to cleaning than 
unmodified membranes [Louie et al., 2006; Wandera et al., 2011, 2012]. Efficient 
membrane cleaning is essential if membrane filtration is to be a cost effective technology 
to treat oily water. The viability of any membrane process for water treatment depends on 
efficient, cost-effective cleaning that leads to a regeneration of the original permeate flux. 
Consequently, it is essential that optimized cleaning strategies be developed for modified 
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membranes. Further, it is essential that the frequency and length of cleaning be less for 
modified membranes compared to unmodified membranes if the modified membranes are 
to be of practical value. Having temperature-responsive polymer nanolayers attached to 
the membrane surface allows for any foulants (coalesced oil, microorganisms, etc) that 
attach to the membrane surface during filtration at temperatures above the polymer LCST 
to be detached when the temperature is reduced below LCST. This strategy enables a 
simple, chemical-free, temperature-controlled water rinse to clean the modified 
membranes after every filtration run [Wandera et al., 2011].  
During my doctoral research, membrane performance was evaluated by 
measuring water flux using deionized water, model produced water developed from an 
oil-in-water emulsion, actual oil-field produced water and rendering facility wastewater. 
To test potential for chemical-free cleaning, filtration runs were carried out before and 
after a temperature-controlled water rinse. Water quality was accessed by measuring pH, 
conductivity, TDS, TOC, COD, turbidity, and TS. 
1.7 Membranes for additive-free treatment of rendering facility waste water 
According to the National Renderers Association, animal by-products from the 
slaughter of animals and poultry contributed to the production of an estimated 8.4 million 
metric tons of rendered products in the United States in 2011 [Swisher, 2012]. The 
rendering industry recycled these animal by-products into inedible tallow and grease, 
edible tallow and lard, and processed animal protein meals. While rendering processes 
convert this large mass of inedible materials into marketable products, they also produce 
large volumes of high strength industrial wastewater containing significant amounts of 
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total suspended solids, fats, oils, and greases, and proteins. Removing such materials 
from rendering facility wastewater results in a more efficient recycling process and helps 
to comply with regulatory agencies.  
The type and degree of rendering wastewater treatment required depends on 
where the plant discharges its effluent and how strict local agencies are regarding the 
amounts of suspended solids, fats, oils, greases and proteins in wastewater that can be 
discharged into the environment. If a plant discharges its wastewater to the local city 
sewer and publicly owned treatment works, removal of fats, oils, greases, and some TSS 
is often sufficient. On the other hand, if a plant discharges directly into a river, stream, or 
other surface water body, then most contaminants have to be removed and a National 
Pollutant Discharge Elimination System permit is needed. The other alternative is to 
discharge wastewater in large lagoons. However, no matter where rendering wastewater 
is discharged, new regulations encourage primary treatment to reduce the amount of TSS, 
fats, oils, greases, and BOD/COD in the effluent. This step helps with the odor problem 
and significantly reduces potential fees and fines from regulatory agencies. At the same 
time, the better is the primary treatment, the easier will be the secondary treatment.  
Rendering wastewater presents many challenges to the classical primary treatment 
technologies and flotation systems. Rendering wastewater contains very high amounts of 
contaminants, up to 500 times higher than in municipal or industrial wastewater influents. 
Depending on what is processed, the wastewater influent can change hourly, daily, or 
weekly. The space available for the wastewater plant is often very limited. Wastewater 
treatment produces large amounts of sludge with low solids content that have to be 
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dewatered before recycling of  fats, oils, greases or proteins is possible. The cost of 
coagulants and flocculants needed for primary treatment can be very high. 
Screening, settling and dissolved air flotation (DAF) are the most commonly used 
technologies for primary treatment of rendering wastewater. However, the most popular 
technology is DAF [Johns, 1995; O‘Brien et al., 2005]. In DAF, a stream of wastewater is 
saturated with air at elevated pressures. Bubbles are formed by a reduction in pressure as 
the pre-saturated water is forced to flow through needle valves or specific orifices. Small 
bubbles are formed, and continuously flowing particles are brought into contact with the 
bubbles. Oftentimes, chemicals are added to the wastewater to adjust the pH and improve 
flocculation of the solids to increase the removal efficiency of the DAF system. Common 
additives include aluminum sulfate, soda ash, and cationic polyelectrolyte [Al-Mutairi et 
al., 2004]. The small bubbles rise very slowly to the surface of the tank, and their long 
residence time is the reason for having large dimension DAF tanks. Air solubility also 
limits the amount of dissolved gas and thus gas bubble availability. Furthermore, to avoid 
clogging of orifices, only a small fraction of pretreated water is aerated and then recycled 
into the tank where bubbles nucleate under already preformed flocs. Therefore, the 
number of bubbles is limited and treatment of wastewater with a high content of fats, oils, 
greases and TSS is very inefficient. These limitations make the DAF a poor alternative 
for treating rendering wastewater. Nevertheless, it is the most commonly used technique.  
Membrane technology is an economically competitive alternative or addition to 
traditional wastewater treatment technologies in a number of industries. One notable 
example is O‘Brien et al. [2005] who used a 0.2 µm pore sized UF membrane as part of a 
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membrane bioreactor system to treat rendering plant wastewater. The UF membrane used 
hydrostatic pressure differences as the driving force for separation of water and small 
molecules from macromolecules, colloids and proteins via sieving. Routine membrane 
cleaning was required as the membrane was susceptible to fouling. Distinct advantages of 
membrane technology as mentioned in section 1.2 include high quality permeate, the 
possibility of total recycle water systems, small space requirements, moderate capital 
costs, ease of operation, and insensitivity to fluctuations in feed concentrations. Although 
membranes can treat rendering wastewaters with high solids loading, their use is hindered 
by a decline in permeate flux experienced as a result of fouling. The flux decline is due to 
the accumulation of rejected dissolved solids, suspended solids and other components on 
the membrane surface. Fouling of conventional membranes can be irreversible or 
resistant to cleaning, hence making the original flux unrecoverable. One of the objectives 
of my PhD research was to design advanced fouling-resistant and self-cleaning UF 
membranes for additive-free treatment of rendering facility wastewater. 
1.8 Dissertation outline 
This dissertation is composed of three main chapters, and each chapter represents 
a publication that resulted from my doctoral research work. The primary focus of my 
PhD research was to design and develop a unique surface-initiated ATRP protocol to 
graft dual functional block copolymer nanolayers from the surface of base UF membrane 
substrates to prepare advanced anti-fouling and self-cleaning membranes for treating oily 
and impaired waters. Specifically, the objective was to design membranes that limit 
foulant accumulation and provide an easy, chemical-free way to remove any attached 
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foulants by controlling both the chemical and environmentally responsive conformational 
properties of grafted polymer layers at the nano-scale. 
Chapter 2 describes a three step procedure to modify commercial regenerated 
cellulose ultrafiltration membranes by growing block copolymer nanolayers from the 
membrane surfaces by surface-initiated atom transfer radical polymerization. The 
objective of the work in this chapter was to change the membrane surface properties in 
ways that limit foulant accumulation on these membranes and provide an easy, chemical-
free way to remove any attached foulants during the filtration of oily and impaired water. 
Membranes were modified by grafting poly(N-isopropylacrylamide) (PNIPAAm)-block-
poly(oligoethylene glycol methacrylate) (PPEGMA) nanolayers from the membrane 
surfaces using surface-initiated atom transfer radical polymerization. Both the 
physiochemical and performance properties of the modified membranes were also 
characterized using a number of different analytical methods. 
Chapter 3 describes the development of advanced membranes for produced water 
treatment through modification of low molecular weight cut-off regenerated cellulose 
ultrafiltration membranes with uniquely structured block copolymer nanolayers. The 
focus of this study was to better understand the role of polymer nanolayer structure on 
membrane performance.  Specifically, the objective of this work was to use initiator 
grafting density and average molecular weight of both the PNIPAAm and PPEGMA 
blocks as independent variables to optimize the performance of the surface-modified 
membranes. Membrane performance was evaluated by measuring water flux using 
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deionized water, model produced water developed from an oil-in-water emulsion, and 
actual oil-field produced water.   
Chapter 4 describes a study to evaluate the separation performance of our newly 
designed, advanced fouling-resistant and self-cleaning membranes for treatment of 
wastewaters generated in rendering facilities. The objectives of this study were to test the 
performance of our advanced membranes using impaired waters provided by Carolina 
By-products/Valley Proteins Inc., develop and optimize membrane cleaning protocols, 
and characterize the membrane surface pre- and post-filtration to determine the extent 
of fouling. Cross-flow membrane filtration experiments using wastewater provided by 
Carolina By-Products/ Valley Proteins Inc. were carried out and membrane performance 
evaluated by measuring productivity (i.e., the volumetric filtrate flux), capacity (i.e., the 
total volume processed per unit membrane area before the membrane must be cleaned), 
and effluent water quality (COD, Turbidity, TDS, TS, and pH). Cleaning involved 
membrane relaxation (where filtration was paused) followed by a cold water rinse. 
Membrane fouling was detected using scanning electron microscopy and attenuated total 
reflection Fourier-transform infrared spectroscopy. 
In Chapter 5, conclusions of my PhD research work are summarized and 
recommendations for possible future studies are given. 
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CHAPTER 2 
MODIFICATION AND CHARACTERIZATION OF ULTRAFILTRATION 
MEMBRANES FOR TREATMENT OF PRODUCED WATER 
[As published in Journal of Membrane Science 373 (2011) 178–188, with minor 
revisions and a condensed introduction.] 
2.1 Introduction 
As defined in Chapter 1, produced water is oily water that is co-produced during 
oil and gas exploration and production. Membrane technologies offer many advantages 
for treatment of produced water for beneficial uses; however, their widespread use is 
hindered by a decline in permeate flux experienced as a result of fouling. The research 
presented in this chapter pertains to an approach to control membrane fouling during 
filtration of produced water and to provide a chemical-free strategy to reverse foulant 
accumulation. Commercial, regenerated cellulose (RC) ultrafiltration membranes were 
surface modified by growing block copolymer nanolayers from the membrane surfaces 
by surface-initiated atom transfer radical polymerization (ATRP). Specifically, my 
hypothesis was that by controlling both the chemical and environmentally responsive 
conformational properties of these polymer layers at the nano-scale, we would limit 
foulant accumulation on these membranes and provide an easy, chemical-free way to 
remove any attached foulants.  
Membranes were modified by grafting poly(N-isopropylacrylamide) 
(PNIPAAm)-block-poly(oligoethylene glycol methacrylate) (PPEGMA) nanolayers from 
the membrane surfaces. PNIPAAm exhibits a lower critical solution temperature (LCST) 
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at 32 °C, as first reported by Heskins and Guillet [1968]. PNIPAAm chains hydrate to 
form a random coil structure below LCST and collapse to form a smaller structure above 
LCST. Since its physical and chemical properties are controlled easily by changing the 
temperature, PNIPAAm is used widely to prepare temperature-responsive materials, 
including many examples with membranes [Berndt and Ulbricht, 2009; Friebe and 
Ulbricht, 2009; Wandera et al., 2010]. Therefore, PNIPAAm was grafted from membrane 
surfaces to make them temperature responsive. Previous work by our group has shown 
that PPEGMA can be grafted by ATRP from polyamide nanofiltration membranes to 
improve their antifouling properties [Tomer et al., 2009]. Therefore, PPEGMA was 
grafted as the second block from PNIPAAm-modified membrane surfaces to improve 
their antifouling properties. 
In that previous work [Tomer et al., 2009], our group used surface-initiated ATRP 
to graft block copolymers from commercial polyamide thin-film nanofiltration 
membranes for produced water treatment. One problem that was identified was the 
significant decrease of flux to unacceptable values due to modification. In this work, I set 
out to overcome that problem by moving to a more ―open‖ ultrafiltration base membrane. 
Modification of these UF membranes imparts responsive chemistry to the surface and 
maintains high flux. Using a more open membrane will allow optimization of water 
quality versus permeate flux. I also switched the base material to regenerated cellulose, 
which itself has good fouling resistance towards hydrophobic compounds. 
Initial measurements were made to determine the thickness evolution of the 
PNIPAAm nanolayers and to show that PNIPAAm chains remain active for relatively 
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long polymerization times, making it possible to use polymerization time to adjust the 
nanolayer thickness while preserving some fraction of chain ends for subsequent 
reinitiation to graft the PPEGMA block. These studies also demonstrated the responsive 
nature of the PNIPAAm nanolayers and quantified the degree of layer swelling for 
grafted PNIPAAm. Thereafter, PNIPAAm-b-PPEGMA was grafted by surface-initiated 
ATRP from regenerated cellulose UF membranes. ATR-FTIR and AFM were used to 
characterize changes in the surface chemical functionality and roughness of membranes 
as a result of modification. Short- and long-term water flux measurements were done 
with model produced water. 
2.2 Experimental 
2.2.1 Materials  
Commercial, composite ultrafiltration membranes with a nominal molecular 
weight cut-off (MWCO) of 5 kDa (Hydrosart, 14429-47, 47 mm dia.) were purchased 
from Sartorius Stedim Biotech. Commercial, composite UF membranes with a nominal 
MWCO of 1000 kDa (PLCXK) were provided by Millipore Corporation. These 
membranes comprise a thin regenerated cellulose layer on a polypropylene support.  
Single-sided polished silicon wafers (1 cm × 3 cm) were used as substrates for 
studying the kinetics of PNIPAAm polymerization. These were purchased from Silicon 
Quest International. 
The following chemicals were purchased from Sigma-Aldrich and used as 
received unless stated otherwise: azobisisobutyronitrile (AIBN, 98%), benzene (>99.5%), 
2,2´-bipyridyl (>99%), 2-bromoisobutyryl bromide (2-BIB, 98%), 2-bromo-2-
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methylpropionic acid (BPA, 98%), copper(I) chloride (CuCl, >99.995%), copper (II) 
bromide (CuBr2, 99.99%), copper(II) chloride (CuCl2, 99.99%), glycidyl methacrylate 
(GMA, 95%), hydrogen peroxide (50% in water, ACROS), neutral aluminum oxide 
(~150 mesh, 58 Ǻ), sodium chloride (NaCl, >99%), sulfuric acid (96% in water, 
ACROS), tris(2-dimethylaminoethyl)amine (Me6TREN, >98%, ATRP Solutions, Inc.). 
HPLC grade solvents were purchased from Fisher Scientific, and these included 
chloroform, dimethylformamide (DMF), methanol, methyl ethyl ketone (MEK), n-
hexane, water, and tetrahydrofuran (THF, anhydrous). Soybean oil (SO255) was 
purchased from Spectrum Chemicals. 
Poly(ethylene glycol) methacrylate (PEGMA) macromonomer (Mn ≈ 360 g/mol) 
containing monomethyl ether hydroquinone (650 ppm) inhibitor was purchased from 
Sigma-Aldrich. The inhibitor was removed before use by passing the PEGMA through a 
column of neutral aluminum oxide. N-isopropylacrylamide (NIPAAm, 97%) was 
purchased from Sigma-Aldrich and purified prior to use by dissolving it in benzene and 
then re-crystallizing it from n-hexane. 
Deionized (DI) water used for flux measurements was prepared by passing 
distilled water through a compact Milli-Q Integral water purification system (Millipore 
Corporation) that was equipped with a 0.22 µm Millipax
®
 sterile filter.  
2.2.2 Kinetic study of polymer nanolayer growth from silicon substrates  
2.2.2.1. Preparation and activation of silicon substrates 
Before use, the silicon wafers were cleaned in deionized water for 30 min using 
an ultrasonic bath for agitation. To ensure thorough cleaning, the deionized water was 
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changed every 10 min. The clean wafers were then treated with a freshly prepared 3:1 
(v/v) mixture of concentrated sulfuric acid and hydrogen peroxide (piranha solution, use 
with caution, highly reactive with organic compounds) for 1 h at 60 °C, rinsed thoroughly 
with deionized water and then dried using a stream of high-purity nitrogen.  
Surface activation with ATRP initiator groups was done using a protocol 
described in detail previously [Samadi et al., 2005]. Briefly, to begin the surface 
activation process, a reactive layer of poly(glycidyl methacrylate) (PGMA) was deposited 
on the cleaned silicon substrates by  dip coating from a 0.1 wt.% PGMA solution in 
chloroform using  a speed of 0.14 cm/s . The PGMA-coated silicon substrates were 
annealed for 30 min at 110 °C under vacuum (~500 Pa). ATRP initiation sites were 
incorporated into the PGMA layer by reaction with vapor-phase BPA at ~130 Pa and 110 
°C for 18 h. The ATRP-activated silicon substrates were soaked in chloroform for 10 
min, rinsed with chloroform three times, and dried using a stream of high-purity nitrogen.  
2.2.2.2 Polymerization from activated silicon substrates 
Surface-initiated ATRP of PNIPAAm was carried out from initiator groups on the 
activated silicon substrate. A typical polymerization solution comprised monomer, 
NIPAAm (50.0 mM, 94.0 mg), dissolved in a 4:1 (v/v) solvent mixture of HPLC water 
and methanol (16.7 ml). Other formulations were also studied, and results are presented 
in Appendix A. The effect on increasing monomer concentration was studied by carrying 
out polymerization using a NIPAAm concentration of 0.10 M and keeping the rest of the 
polymerization protocol unchanged (Figure A-1). Water accelerated surface-initiated 
ATRP of PNIPAAm was studied using a monomer concentration of 0.10 M and HPLC 
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water (100 %) as the solvent while keeping the rest of the polymerization protocol 
unchanged (Figure A-2).  On the other hand, water-free surface-initiated ATRP of 
PNIPAAm was studied using a monomer concentration of 0.10 M in methanol keeping 
the rest of the procedure the same (Figure A-3). Finally, the effect of using a mixed 
halide catalyst system of CuCl/CuBr2 on the surface-initiated ATRP of PNIPAAm was 
studied using catalyst system that included the activator, CuCl (0.50 mM), deactivator, 
CuBr2 (0.10 mM), and ligand, Me6TREN (1.2 mM), in a polymerization solution 
comprising monomer, NIPAAm (0.10 M), dissolved in a 4:1 (v/v) solvent mixture of 
HPLC water and methanol (Figure A-4).  
Before transferring the polymerization solution to a nitrogen atmosphere glove 
box, the solution was de-oxygenated by three cycles of freeze-pump-thaw. In the glove 
box, all components of the catalyst system were added to the de-oxygenated solution. 
Because the mass and volume amounts of catalyst components were small, I prepared one 
large volume of catalyst solution for a use with a number of samples. To improve the 
precision of volume measurements, I used syringes (Hamilton, Inc.) with range of 0–50 
µL or 0–100 µL and a precision of ± 1 µL. In the sections that follow, I give the mass or 
volume used per silicon substrate or membrane sample, along with the final solution 
concentration of each component. Components of the catalyst included activator, CuCl 
(0.50 mM, 0.83 mg), deactivator, CuCl2 (0.10 mM, 0.22 mg), and ligand, Me6TREN (1.2 
mM, 5.5 µl). A previously activated silicon substrate was then placed in the solution to 
begin polymerization. PNIPAAm polymerization was carried out at room temperature for 
times up to 60 min. PNIPAAm-grafted silicon substrates were removed from the 
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polymerization solution at fixed time intervals, thoroughly washed with methanol and 
HPLC water and then dried using a stream of nitrogen. 
2.2.3 Membrane modification 
Scheme 2.1 illustrates the three step procedure to modify a regenerated cellulose 
membrane with PNIPAAm-b-PPEGMA by surface-initiated ATRP. ATRP initiator 
molecules were attached to the membrane, and then surface-initiated ATRP was done to 
graft PNIPAAm chains from the initiator groups. PPEGMA was then grafted as the 
second polymer block by re-initiation of PNIPAAm chains. 
 
Scheme 2.1 Surface-initiated ATRP of PNIPAAm-b-PPEGMA from cellulose. 
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2.2.3.1. Membrane activation 
The membranes were immersed in methanol for 15 min to remove glycerin, 
which is used as a structural preservative for these membranes; rinsed thoroughly with 
HPLC water to remove methanol; and then equilibrated with THF. Membranes were 
removed from the THF, dried with a stream of nitrogen, and transferred into the glove 
box. Membrane activation (i.e., incorporation of ATRP initiator groups) was done 
according to Bhut et al. [2008]. After activation, the membranes were removed from the 
solution, washed thoroughly with THF and HPLC water and stored in THF until 
polymerization.  
2.2.3.2. Polymerization from activated membranes 
Surface-initiated ATRP of PNIPAAm was carried out from initiator groups on the 
activated membrane surface. The polymerization formulation and protocol were the same 
as that used for silicon substrates. PNIPAAm polymerization was carried out at room 
temperature for 1 h. PNIPAAm-modified membranes were removed from the 
polymerization solution, thoroughly washed with methanol and HPLC water and stored 
in methanol.  
For modification with block copolymer nanolayers, PPEGMA was grafted from 
the PNIPAAm-modified membranes. The polymerization solution comprised monomer, 
PEGMA (0.10 M, 1.6 ml) dissolved in a 4:1 (v/v) solvent mixture of HPLC water and 
methanol (50 ml). The solution was de-oxygenated and transferred to the glove box, 
where all components of the catalyst system were added. These included CuCl (0.50 
mM), CuCl2 (0.10 mM) and ligand, 2,2´-bipyridyl (1.2 mM). A PNIPAAm-modified 
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membrane was removed from methanol, dried and placed into the solution to begin 
polymerization. PPEGMA polymerization was carried out at room temperature for 3 h. 
This protocol was followed based on previous work from our group on the surface-
initiated growth of PPEGMA nanolayers at room temperature from silicon substrates 
[Singh et al., 2008]. From the silicon surfaces, the growth rates of PNIPAAm and 
PPEGMA were 54 and 0.48 nm/h, respectively. Thus, a 1 h PNIPAAm polymerization 
yields a layer thickness of about 54 nm, while a 3 h PPEGMA polymerization yields a 
layer thickness of about 2 nm. PNIPAAm-b-PPEGMA modified membranes were 
removed from the polymerization solution, thoroughly washed with methanol and HPLC 
water and stored in DI water. 
2.2.4 Water flux measurements 
Model produced water was prepared to test the performance of pristine and 
modified membranes through flux measurements. The model produced water was 
prepared by mixing soybean oil (5.44 ml), NaCl (500 mg), and DI water (1 L) and 
stirring the mixture with a magnetic stir bar (3/8 inch diameter, 2 inch length) in a 1 L 
flat-bottom Erlenmeyer flask at a constant speed of 600 rpm at 60 °C for 24 h. Soybean 
oil was used because it is commercially available with consistent properties. Experiments 
using soybean oil are therefore highly reproducible. Oil droplet size in the model 
produced water was characterized using dynamic light scattering and the oil droplets 
were found to have hydrodynamic radii between 0.1 and 100 µm. Using the density of the 
soybean oil (0.919 g/mL) and the volume of soybean oil used (5.44 mL/L), we calculated 
the mass of dispersed oil in our  model solution. Table 2.1 gives the characteristics of the 
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model produced water.  
Table 2.1 Characteristics of model produced water  
Parameter Value 
Dispersed oil 5000 mg/L 
Conductivity 1108 µs/cm 
Total Dissolved Solids (TDS) 543 mg/L 
Total Organic Carbon (TOC) 82.23 mg/L 
 
Water flux measurements were carried using 45 mm diameter membranes. A 
stirred ultrafiltration cell (model 8050, Millipore Corporation) was modified to increase 
the volumetric capacity to 300 ml by increasing the height of the cylinder. Membranes 
were loaded into the cell, which was filled with 300 ml of the model produced water. The 
cell was connected to a nitrogen gas cylinder via high-pressure tubing. The system was 
placed on a magnetic stirring plate, which provided constant agitation at a speed of ~320 
rpm during filtration. A constant pressure of 207 kPa was used for all of the experiments. 
The filtration cell was filled with fresh feed at 45 °C every 5 min to maintain a constant 
feed temperature during the course of the 60 min filtration experiment. We used warm 
(45 °C) produced water because it is common for produced water coming out of deep oil 
wells to be warm (above 40 °C). Permeate was collected in a beaker when the permeate 
outlet was opened, and the mass of permeate collected over time was measured using a 
balance. Permeate flux was calculated using Eq. (2.1), where M is the mass of permeate 
collected, ρ is the density, A is the effective membrane filtration area, and t is the time.  
M
ρ
Permeate Flux  
At
                                                                                                    (2.1) 
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The experimental procedure for the filtration experiments included carrying out a 
warm (45 °C) produced water filtration for 60 min, rinsing the membrane with cold (15 
°C) DI water, and carrying out another warm produced water filtration for 30 min. 
Rinsing the membrane was done by filling the filtration cell containing the membrane 
with cold DI water and stirring for 5 min. The rinse solution was discarded from the cell, 
and the cell was filled again with warm produced water. This sequence of measurements 
was done to study the effectiveness of a cold water rinse at detaching any foulants that 
had accumulated on the membrane surface during the first filtration step. Control 
measurements were done with a warm water (45 °C) rinse. 
Long-term cross-flow (CF) membrane filtration experiments using our model  
produced water were carried out using a high pressure Septa
®
 CF II medium/high foulant 
membrane cell system (GE Osmonics). The membrane cell system accommodates a 19 
cm × 14 cm flat sheet membrane with an effective membrane test area of 140 cm
2
. The 
system was operated in recirculation mode using a Hydra-Cell pump (Wanner 
Engineering, Inc.). All experiments were carried out using a constant transmembrane 
pressure (TMP) and temperature of 414 kPa and 50 °C. The system was operated for at 
least 1 h before any permeate flux measurements were taken. Permeate flux values were 
calculated from the permeate volumes collected at different times. 
2.2.5. Characterization 
2.2.5.1. Ellipsometry 
Multi-angle ellipsometry was used to measure the dry nanolayer (PNIPAAm) 
thickness on the silicon substrates as a function of polymerization time. Measurement and 
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instrument details have been described elsewhere [Samadi et al., 2005]. A refractive 
index of 1.525 was used for PGMA, 1.500 for BPA, 1.460 for PNIPAAm layers less than 
50 nm thick and 1.470−1.490 for PNIPAAm layers greater than 50 nm thick [Tu et al., 
2004]. Measurements were done at three locations for each sample and the data represent 
average values among the three measurements. In all cases, the coefficient of variance for 
the ellipsometric measurements was ≤ 3.5%. 
Solvent-swollen layer thicknesses were measured as a function of temperature to 
analyze the temperature responsiveness of the grafted PNIPAAm layers. For these 
measurements, the silicon substrates were placed inside a specially designed cylindrical 
flow cell (Beaglehole Instruments) and contacted with solvent (water) at different 
temperatures supplied by a temperature-controlled bath. Data fitting was done using a 
fixed, temperature-dependent refractive index for the solvent and allowing the refractive 
index of the polymer nanolayer to vary. Both the refractive index of the nanolayer and its 
thickness were used as fitting parameters. Additional details of the flow cell and 
measurement procedure were given in the Supplemental Information of Samadi et al. 
[2005]. 
2.2.5.2. ATR-FTIR 
Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 
was used to characterize surface chemical properties of the unmodified, PNIPAAm-
modified and PNIPAAm-b-PPEGMA-modified membranes. Spectra were obtained using 
a Thermo-Nicolet Magna 550 FTIR spectrometer equipped with a diamond ATR 
accessory. Measurements were done according to a procedure detailed elsewhere [Singh 
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et al., 2005]. 
2.5.3. AFM 
Atomic force microscopy (AFM) was used to characterize the changes in the 
surface topography and morphology of the silicon substrates and membranes resulting 
from surface modification. Images of the dry samples were obtained using a BioScope 
AFM (Veeco) with a NanoScope IIIA controller and a silicon cantilever (MikroMasch, 
NSC15/Si3N4/AIBS). Tapping mode AFM was done at a frequency of 1.0 Hz, and 256 
scans were taken per image. Root-mean square (RMS) surface roughness of the 1.0 µm × 
1.0 µm images was calculated using NanoScope software version 5.12. Three scans were 
done at three different places on the same 45 mm diameter membrane for unmodified and 
modified membranes. The standard deviation among roughness values was ± 0.1 nm. 
AFM images also were collected for PNIPAAm-modified silicon substrates in 
water at different temperatures using contact mode to analyze the temperature 
responsiveness of the grafted PNIPAAm layers. 
2.2.6. Water quality analysis 
2.2.6.1. Conductivity and TDS 
The conductivity and total dissolved solids (TDS) concentration of the feed and 
permeate were measured using a multiple parameter SympHony
TM
 meter (VWR). Salt 
concentrations were determined by measuring electrical conductivities and using a 
standard calibration; TDS was used as an indicator of the total amount of inorganic 
foulant material in the water. 
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2.2.6.2. TOC 
Total organic carbon (TOC) concentrations of the feed and permeate were 
determined using a high temperature total organic carbon analyzer (Shimadzu TOC-
VCSH) that operates on a catalytic combustion method. Details about the instrument and 
operating conditions have been provided previously [Karanfil et al., 2003]. 
2.3. Results and discussion 
2.3.1. Kinetics of surface-initiated ATRP of PNIPAAm 
To study the thickness evolution of the grafted polymer nanolayers and to 
understand how different conditions influence polymer growth, a kinetic study of the 
surface-initiated ATRP of PNIPAAm was conducted using silicon substrates. 
Experiments were carried out for PNIPAAm only, as a kinetic study of surface-initiated 
ATRP of PPEGMA was conducted by our group previously [Singh et al., 2008]. Data 
from this part of the study were used to guide membrane modification work. The 
modified silicon surfaces were characterized by ellipsometry to measure nanolayer 
thickness versus polymerization time. AFM was used to determine changes in the surface 
topography and roughness of the silicon substrates. The reason silicon substrates were 
used is that ellipsometry cannot be used for direct measurements on the membranes. 
Silicon substrates were activated by coating with PGMA and then functionalizing 
the PGMA with an ATRP initiator. This procedure was done to create a surface that 
mimics the three-dimensional nature of the membrane ‗surface‘. In previous work from 
our group [Singh et al., 2008], it has been noted that PGMA on flat silicon substrates 
offers a more appropriate model than self-assembled monolayers for characterizing 
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polymer growth kinetics, as it generates high initiator densities that better reflect the true 
nature of initiator incorporation within the membrane structure.  
After annealing the PGMA-coated silicon substrates, the PGMA dry layer 
thicknesses were measured to be 6.0 ± 0.2 nm. The uncertainty represents the standard 
deviation in thickness among multiple locations on the silicon substrate surfaces. After 
incorporation of initiator groups, the dry layer thicknesses increased to 9.0 ± 0.5 nm. This 
increase in thickness indicates clearly that mass was added to the layer. Using the 
difference in these values, we estimated the density of initiator sites to be 15 ± 2 initiator 
molecules per nm
2
.  
Figure 2.1 shows the increase in PNIPAAm dry layer thickness as a function of 
time following surface-initiated ATRP. These results show that the rate of PNIPAAm 
growth increased with increasing monomer concentration from 0.01 M to 0.05 M, which 
is a characteristic of surface-initiated ATRP. 
A well-documented characteristic of controlled, surface-initiated ATRP from a 
low surface area substrate is a linear relationship between polymer layer thickness and 
time. As seen in Figure 2.1, our polymerization protocol did not yield well-controlled 
growth. I conducted a control study in which fresh catalyst was added to the 
polymerization system once the layer thickness reached a plateau value. No additional 
growth was observed; hence, I attribute the nonlinear growth to chain-to-chain 
termination and not catalyst deactivation.  
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Figure 2.1 Dependence of dry polymer layer thickness on polymerization time for 
surface-initiated ATRP of PNIPAAm from initiator-functionalized, PGMA-coated silicon 
substrates. 
While well-controlled growth would improve the reinitiation efficiency of 
PPEGMA in block copolymer nanolayers, our results clearly show that the chains remain 
active for relatively long polymerization times, and, hence, it is possible to use 
polymerization time to adjust the PNIPAAm layer thickness and still preserve some 
fraction of chain ends for subsequent reinitiation.  
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Figure 2.2 Dependence of dry polymer layer thickness on polymerization time for 
surface-initiated ATRP of PNIPAAm from initiator-functionalized, PGMA-coated silicon 
substrates using a NIPAAm concentration of 0.1 M in a 4:1 solvent mixture of HPLC 
water and DMF. 
Significant effort was made to vary the polymerization conditions and formulation to 
improve control (Appendix A). In one experiment, we used the same formulation and 
reaction conditions as Masci et al. [2004], who reported controlled solution-phase 
polymerization of PNIPAAm by ATRP in a 50:50 (v/v) mixed solvent system of 
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dimethylformamide and water at 20 °C. Using a similar formulation for surface-initiated 
ATRP of PNIPAAm failed to give controlled growth as shown in Figure 2.2. It is not 
completely surprising to see such differences between solution-phase and surface-
initiated ATRP, since higher chain density on the surface leads to higher probability for 
chain termination [Kim et al., 2003]. 
Surface topography and roughness of the silicon substrates before and after 
modification were determined by AFM. Figure 2.3 shows representative 1 µm × 1 µm 
topographical images of the unmodified and PNIPAAm-modified silicon surface. The 
RMS roughness value increased from 0.4 nm for unmodified surfaces (Figure 2.3A) to 
0.6 nm for surfaces modified for 1 h with NIPAAm at concentration of 0.1 M (Figure 
2.3B). Tu et al. [2004] fabricated patterned PNIPAAm brushes on oxidized silicon wafers 
by surface-initiated ATRP from a micro-patterned initiator and obtained RMS surface 
roughness of 2–4 nm from AFM topographical analysis. Cheng et al. [2005] used plasma 
polymerization to surface immobilize PNIPAAm on silicon wafers and the surface RMS 
roughness at 25 °C was 5.3 ± 1.1 nm. Therefore, the low surface roughness values are 
consistent with the findings from other groups, and it appears that our ATRP protocol 
provides somewhat smoother surfaces than found previously. 
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Figure 2.3 AFM topographical images (1 µm × 1 µm) of PNIPAAm nanolayers on 
silicon substrates. (A) Unmodified surface, RMS roughness = 0.4 nm. (B) PNIPAAm-
modified surface, RMS roughness = 0.6 nm. 
2.3.2. Temperature responsiveness of PNIPAAm nanolayers on silicon substrate 
Ellipsometry swelling measurements were conducted to investigate thickness 
responsiveness to temperature change of the PNIPAAm nanolayers grafted from the 
silicon substrates. AFM phase imaging was used to visualize the temperature 
responsiveness of these nanolayers. The measurements were done in water, such that the 
grafted polymer chains would be solvated. Ellipsometry data in Figure 2.4 show that the 
PNIPAAm nanolayer responded to temperature change; the swollen polymer layer 
thickness decreased with increasing temperature. The LCST transition occurs over a 
broad temperature range (25–40 °C), yet it is known that the LCST for PNIPAAm in 
water occurs within ± 2 °C of 32 °C [Schild, 1992]. This result also was observed by Tu 
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et al. [2004] who reported a broad LCST transition for surface grafted PNIPAAm over a 
temperature range of 20–35 °C, with the majority of the transition occurring between 28 
and 32 °C. For surface grafted chains, the high grafting density leads to strong inter-chain 
interactions and these affect the observed LCST. Due to the strong inter-chain 
interactions, the observed LCST is not truly a second-order transition.  
 
Figure 2.4 Dependence of swollen PNIPAAm layer thinkness on temperature. The flat 
silicon surface had a dry layer polymer thickness of 85.6 nm. 
A swelling ratio (hswollen/hdry) of 2.00 was obtained for the solvated PNIPAAm nanolayer 
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at 25 °C. The swelling ratio decreased gradually with increasing temperature, reaching a 
value of 1.53 at 45 °C. Generally, moderate to low swelling ratios were obtained, which 
can be attributed to the high graft densities we attained on the silicon surface (vide infra). 
Figure 2.5 shows AFM phase images (1 µm × 1 µm) of a solvated PNIPAAm 
nanolayer at temperatures above and below LCST. The phase image at 25 °C (Figure 
2.5A) shows fully stretched chains on the surface, while the phase image at 45 °C (Figure 
2.5B) shows that the chains have collapsed to form a flat surface. This result illustrates 
‗visually‘ that the modified silicon surfaces responded to the temperature change.  
 
Figure 2.5 AFM phase images (1 µm × 1 µm) of PNIPAAm-modified silicon surface in 
water at 25 °C (A) and at 45 °C (B). 
Swelling measurements also provided data that I needed to estimate the degree of 
polymerization, N, and the grafting density, σ, of the grafted PNIPAAm chains. Equation 
(2.2) was used to estimate N. This equation is based on work presented by Milner and 
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coworkers [Milner, 1988; Milner et al., 1988], who conducted a self-consistent mean 
field (SCF) analysis of a grafted polymer brush and developed an analytical expression 
for swollen polymer brush thickness. 
3
2
swollen
1
2
dry
)2.303 (h
N
h( )
                                                                                                      (2.2) 
The constant in equation (2.2) depends on the value of the excluded volume 
parameter and the Kuhn length for a monomer unit. I used values of 1.2 and 8.1 Ǻ for 
these parameters in PNIPAAm [Norisuye et al., 2002]. The hswollen value predicted by 
SCF analysis results from a parabolic density profile, while the thicknesses collected 
from the ellipsometry data (hellip) use an Alexander-deGennes (box-like) model. To 
correct this discrepancy, I utilized the adjustment proposed by Samadi et al. [2005], 
where the hellip values measured by ellipsometry were multiplied by 4/3 for our 
calculation of N. Table 2.2 presents the results. 
 The grafting density was calculated by equation (2.3), 
o dry A
o
ρ  h  N
 σ
m N
                                                                                                               (2.3)  
The dry layer density, ρo, was assumed to be equal to the bulk density of 
PNIPAAm (1.103 g/cm
3
) [Burkert et al., 2010]. mo is the monomer molecular weight, 
and NA is Avogadro‘s number. Results obtained from equations (2.2) and (2.3) enabled 
us to calculate the distance between grafting sites, d, and the radius of gyration, Rg, which 
provided us with an insight on the solvated PNIPAAm chain configuration. Chain-to-
chain distance, d, was calculated using equation (2.4), assuming that the chains occupy a 
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cylindrical volume normal to the surface; while the Rg of the PNIPAAm chains in water 
was calculated using equation (2.5) [Turan et al., 2010]. 
1
24
d
 
                                                                                                                     (2.4) 
0.5
gR 3.315 (N)                                                                                                            (2.5) 
Table 2.2 summarizes the results obtained for the same PNIPAAm-modified 
silicon substrate in water. The silicon substrate had a PNIPAAm dry layer thickness of 
85.6 nm. Moderate to low swelling ratios were obtained, which can be attributed to the 
high graft densities on the silicon substrates. With such high graft densities, the 
PNIPAAm chains adopted a stretched configuration in the dry state. As a consequence, 
placing them in water does not induce a significant change chain length. Similar values of 
grafting density and swelling ratios were found by Samadi et al. [2005] for graft 
polymerization of polystyrene from PGMA-coated silicon substrates. By comparison, the 
estimated grafting density of 0.09 chains/nm
2
 on the silicon substrate is similar to the 
value of 0.17 chains/nm
2
 on regenerated cellulose macroporous membranes estimated in 
recent work by our group [Carter, 2010]. While the nature of the polymer is different in 
these two studies, the close comparison in estimated grafting densities gives us 
confidence that the PGMA-coated silicon serves as a good model substrate. 
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Table 2.2 Swelling experiment results for PNIPAAm nanolayers grafted from silicon 
substrates. 
25 85.6 128.6 171.4 5600 25 0.090 3.8 2.00 
30 85.6 115.1 153.4     1.79 
35 85.6 108.5 144.6     1.69 
40 85.6 99.9 133.2     1.56 
45 85.6 98.1 130.8     1.53 
50 85.6 97.4 129.9     1.52 
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Swelling 
Ratio 
 
Stretched polymer chain configurations are characterized by d < 2Rg. Table 2.2 
shows that our calculated d value was significantly less than 2Rg. The high graft density 
on the silicon surface prevents the PNIPAAm chains from collapsing to the dimension 
that they would adopt in free solution at 45 °C (above LCST). This result is important for 
design considerations since the function of the PNIPAAm layer is to swell during the 
rinse step to facilitate the removal of accumulated foulants. Increasing the degree of 
swelling may be accomplished by decreasing the grafting density [Biesalski and Ruhe, 
2003], and I explore this idea fully in Chapter 3. 
2.3.3. Membrane modification and characterization 
PNIPAAm-b-PPEGMA was grafted from regenerated cellulose (RC) 
ultrafiltration membranes using surface-initiated ATRP. The ATR-FTIR spectra in Figure 
2.6 confirmed the successful grafting of both polymers from the membrane surfaces. 
Spectrum A (bottom) represents the unmodified membrane, spectrum B (middle) 
represents the PNIPAAm-modified membrane, and spectrum C (top) represents the 
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PNIPAAm-b-PPEGMA-modified membrane. Following polymerization, increases in 
intensity of peaks at 1630 and 1580 cm
-1 
are characteristic of amide carbonyl groups and 
N-H bending of PNIPAAm. Peaks in the range 1366–1466 cm-1 also increased and these 
are assigned to symmetrical and asymmetrical deformation bands associated with the 
isopropyl group in PNIPAAm. A peak at 1710 cm
-1
 is attributed to the carbonyl group in 
the methacrylate backbone of PPEGMA. 
 
Figure 2.6 ATR-FTIR spectra for (A, bottom) unmodified regenerated cellulose UF 
membrane, (B, middle) membrane following modification with NIPAAm at 
concentration of 0.1 M for 1 hr, and (C, top) membrane following modification with 
NIPAAm at concentration of 0.1 M for 1 hr followed by modification with PEGMA at 
concentration of 0.1 M for 3 hr. 
Atomic force microscopy was carried out to characterize the changes in the 
 
3500            3000            2000             1500            1000
wavenumber (cm-1)  
ab
so
rb
an
ce
0.1 au
A 
B 
C 
 85 
surface topography and roughness of the membranes before and after modification. 
Figure 2.7 shows representative topographical images (1 µm × 1 µm) of the unmodified 
(Figure 2.7A) and PNIPAAm-b-PPEGMA-modified (Figure 2.7B) membrane surfaces. 
The images show only minor topographical differences between the unmodified and 
modified membrane surfaces. Root mean square (RMS) roughness decreased from 2.6 
nm for the unmodified membrane to 2.5 nm for the PNIPAAm-modified membrane and 
to 1.7 nm for the PNIPAAm-b-PPEGMA-modified membrane. While the differences in 
the values may be insignificant within the experimental measurement uncertainty, it is 
significant that they do not increase as a result of modification. Our group previously has 
observed decreased surface roughness following modification of macroporous 
membranes by ATRP [Bhut et al., 2008; Singh et al., 2005]. Other groups also have 
reported that surface-initiated polymerization tends to make rougher surfaces smoother 
[Khayet, 2004; Yoshida and Cohen, 2003]. This observation is particularly important 
since earlier studies have shown that decreasing surface roughness leads to less 
adsorption of organic compounds and, hence, decreases surface fouling [Mondal and 
Wickramasinghe, 2008]. Results have shown that colloidal fouling of reverse osmosis 
and nanofiltration membranes is correlated nearly perfectly with membrane surface 
roughness in all cases, regardless of physical and chemical operating conditions. 
Colloidal particles (foulants) accumulate preferentially in valleys of relatively open and 
rough membrane surfaces causing valley clogging and increasing resistance to water 
transport [Vrijenhoek et al., 2001]. 
 
 86 
 
 
Figure 2.7 AFM topographical dry layer images (1 µm × 1 µm) of membrane surfaces. 
(A) Unmodified regenerated cellulose 5 kDa UF membrane, RMS roughness = 2.6 nm. 
(B) PNIPAAm-b-PPEGMA-modified membrane, RMS roughness = 1.7 nm. 
2.3.4. Membrane performance 
Performance of the surface-modified membranes was evaluated by carrying out 
permeate flux experiments using model produced water. The reason to use model 
produced water was to ensure constant properties that allow repeatable testing of 
membranes. Many possibilities exist for developing an artificial produced water. Our 
solution was developed to have representative values for oil content, conductivity and 
TDS. Having said that, the properties of produced water vary and depend on the 
geography, geological formation, and type of hydrocarbon produced by the field (oil 
production, coal bed methane production). Produced water properties also may change 
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during the lifetime of the reservoir. Components may include dispersed oil, soluble 
organics (PAHs, phenols, organic acids, etc.), treatment chemicals (corrosion inhibitors, 
scale inhibitors, biocides, emulsion breakers, etc.), carbonate and sulfate salts, silicates, 
bacteria, metals, etc. The USGS has established a database of analyzed produced waters 
[USGS, 2012]. 
Model produced water composed of soybean oil, NaCl and water was used to 
measure the flux of the unmodified and surface-modified RC UF membranes at 207 kPa. 
Figure 2.8 shows data on flux versus filtration time for unmodified, PNIPAAm-modified 
and PNIPAAm-b-PPEGMA-modified membranes. To study how effective cold DI water 
was at detaching any foulants that had accumulated on the membrane surface during the 
first filtration run, a second warm (45 °C) produced water filtration run was carried out 
after a cold (15°C) DI water rinse. This enabled us to calculate the flux recovery that was 
attainable by a simple water rinse. The grafted temperature-responsive block (PNIPAAm) 
swells and becomes hydrophilic in cold water below LCST (around 32 °C). I expected 
foulants attached to the surface at temperatures above 32 °C to detach during the cold 
water rinse (below 32 °C) as a result of this phase change. This rinse should provide more 
effective flux recovery for the modified membranes than unmodified membranes.  
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Figure 2.8 Model produced water flux measurements by dead-end filtration for 
unmodified, PNIPAAm-modified and PNIPAAm-b-PPEGMA-modified RC 5 kDa UF 
membranes. A second filtration run was carried out for each of these membranes after a 
cold water (15 °C) rinse, indicated by the letter R in the legend. A constant pressure of 
207 kPa was used for all of the experiments. 
Polymer grafting from the membranes led to decreases in the water flux; the flux 
decreased by 38% after PNIPAAm modification and by 40% after PNIPAAm-b-
PPEGMA modification. This demonstrates that polymer grafting from the membrane 
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surface provides an additional resistance to flow. Given that the estimated nanolayer 
thickness is much larger than the average effective pore size of the membrane, a dense 
polymer nanolayer forms at the membrane surface. Thus, it may be possible to minimize 
the decrease in water flux by changing the nanolayer thickness and chain density. 
Nevertheless, the final flux was comparable to those of commercial membranes used for 
removal of organics with high salt passage (e.g., GE Septa
TM
, GE Osmonics; Liqui-
Flux
®
, Membrana GmbH).  
Results in Figure 2.8 also showed that the flux recovery was better for the 
modified membranes after a cold water rinse. The flux recovered fully to initial values for 
both the PNIPAAm- and PNIPAAm-b-PPEGMA-modified membranes; while only ~81% 
of the initial flux was recovered for the unmodified membrane. Control experiments with 
a warm water rinse (above LCST for PNIPAAm) yielded lower flux recoveries than 
results with the cold water rinse. PPEGMA-modified membranes yielded a flux recovery 
of ~85% as shown in Figure 2.9 which is lower than the flux recoveries of both the 
PNIPAAm- and PNIPAAm-b-PPEGMA-modified membranes. This indicates that it is 
critical to graft the PNIPAAm block to ensure effective membrane cleaning using a 
simple, temperature controlled, water rinse. The high flux recovery for the unmodified 
membranes was not surprising since the regenerated cellulose layer is hydrophilic and 
resistant to irreversible fouling. It also should be noted from our AFM measurements that 
all three membranes had low surface roughness, a characteristic that should lead to less 
adsorption of organic foulants. 
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Figure 2.9 Model produced water flux measurements by dead-end filtration for 
PPEGMA-modified RC 5 kDa UF membranes. A second filtration run was carried out 
after a cold water (15 °C) rinse, indicated by the letter R in the legend. A constant 
pressure of 207 kPa was used for all of the experiments. 
The long-term performance characteristics of the surface-modified membranes 
were evaluated by carrying out cross-flow filtration experiments using our model 
produced water. Figure 2.10 shows model produced water flux measurements (permeate 
flux versus time) by cross-flow filtration for unmodified and PNIPAAm-b-PPEGMA-
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modified RC 1000 kDa UF membranes. Symbols represent average values measured for 
two runs using two different membranes. All experiments were carried out at a 
temperature of 50 °C and a TMP of 414 kPa. Not surprisingly, permeate flux at the start 
of the experiment was lower for the modified membrane than for the unmodified 
membrane. However, the modified membrane experienced a slower rate of flux decline 
than the unmodified membrane, and, as a result, the instantaneous fluxes of both 
membranes were equal after 12 h. Permeate fluxes through both membranes continued to 
decline, but, after this cross-over point, permeate flux through the modified membrane 
always exceeded flux through the unmodified membrane. The total volume of permeate 
processed through modified membrane was 13.8% more than the total permeate that was 
processed through the unmodified membrane after 40 h of operation. Clearly, the 
modified membrane allowed higher cumulative volumes of water to be processed over 
time prior to cleaning. This same observation was made by Louie et al. [2006] in their 
work on physical coating of reverse osmosis membranes with a polyether-polyamide 
block copolymer (PEBAX
®
). They reported that despite the significant flux loss observed 
post modification, the modified membranes showed slower flux decline over time and 
allowed for higher cumulative volumes of water to be processed. Percentage flux decline 
for the block copolymer nanolayer is lower than the PNIPAAm layer alone. When 
carrying out warm (45 °C) water filtration runs, I expect the PNIPAAm to collapse and 
become hydrophobic; thus, PPEGMA, which is the upper block, is important for 
suppression of foulant attachment during filtration.  
 92 
 
Figure 2.10 Model produced water flux measurements by cross-flow filtration using 
unmodified and PNIPAAm-b-PPEGMA-modified RC 1000 kDa UF membranes. 
Experiments were carried out at a temperature of 50 °C and a TMP of 414 kPa. Symbols 
represent average values for two runs using different membranes. Error bars indicate the 
standard error. 
Table 2.3 shows results of the permeate quality measurements after filtration of 
our model produced water using unmodified, PNIPAAm-modified and PNIPAAm-b-
PPEGMA-modified RC 5 kDa membranes. All three membranes yielded poor salt 
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rejection as indicated by the high permeate conductivity and TDS concentrations. 
Ultrafiltration membranes are not used for salt rejection in water treatment applications, 
and, as we discovered, even reducing the average effective pore size through membrane 
surface modification did not improve their salt rejection. TOC removal was high; 
removal efficiencies were higher than 94% for all the three membranes. The significance 
of the differences in the TOC removal efficiencies of the unmodified and modified 
membranes was relatively small.  
Table 2.3 Permeate quality after filtration of model produced water using unmodified, 
PNIPAAm-modified and PNIPAAm-b-PPEGMA-modified RC 5 kDa membranes. 
Membrane Conductivity 
 (µS/cm) 
TDS  
(mg/L) 
TOC 
 (mg/L) 
TOC Removal 
(%) 
Unmodified 1038 508 4.91 94.02 
PNIPAAm 1024 502 3.30 95.99 
PNIPAAm-b-PPEGMA 1021 500 2.02 97.54 
 
2.4 Conclusions 
Grafting PNIPAAm-b-PPEGMA nanolayers from regenerated cellulose 
membranes can change the membrane surface properties in ways that limit foulant 
accumulation on these membranes and provide an easy, chemical-free way to remove any 
attached foulants. The dual functionality provided by this block copolymer system yields 
fouling-resistant and temperature-responsive membranes for the treatment of oily water.  
Surface-initiated polymerization of PNIPAAm from silicon substrates that were 
designed to mimic a polymeric membrane surface showed that PNIPAAm chains remain 
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active for relatively long polymerization times, and, hence, it is possible to use 
polymerization time to adjust the nanolayer thickness and still preserve some fraction of 
chain ends for subsequent reinitiation. These studies also demonstrated the responsive 
nature of the PNIPAAm nanolayers and quantified the degree of layer swelling for 
grafted PNIPAAm. 
PNIPAAm-b-PPEGMA was grafted by surface-initiated ATRP from regenerated 
cellulose UF membranes. ATR-FTIR spectra confirmed the successful grafting of both 
polymers from the membrane surface. From AFM topographical images, I observed that 
the membrane surface roughness decreased following PNIPAAm-b-PPEGMA 
modification.  
Polymer grafting led to decreases in the water flux but the modified membranes 
showed slower flux decline over time. The modified membranes allowed higher 
cumulative volumes of water to be processed over time prior to cleaning. Flux recovery 
was better for the modified membranes after a cold water rinse. Modified membranes 
achieved 100% flux recovery, while only ~81% of the initial flux was recovered for the 
unmodified membrane. TOC removal efficiencies were higher than 94% for all the three 
membranes studied and increased slightly with increasing degree of modification. 
However, all the three membranes exhibited poor salt rejection, indicating that a 
polishing step such as reverse osmosis would be needed to recover the water for 
beneficial use. The modification strategy can be transferred easily to other membrane 
support materials where irreversible fouling may be more detrimental to performance 
than I have found for regenerated cellulose membranes. 
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CHAPTER 3 
MODIFICATION OF ULTRAFILTRATION MEMBRANES WITH BLOCK 
COPOLYMER NANOLAYERS FOR PRODUCED WATER TREATMENT: THE 
ROLES OF POLYMER CHAIN DENSITY AND POLYMERIZATION TIME ON 
PERFORMANCE 
[As published in Journal of Membrane Science 403–404 (2012) 250–260, with some 
modifications and a condensed introduction] 
3.1 Introduction 
Oily water co-produced during oil and gas exploration and production, known as 
produced water, is the largest waste product associated with the oil and gas industry. 
Membranes have become a technically and economically competitive technology for 
produced water treatment; however, the widespread application of membrane technology 
has been hindered by serious membrane fouling caused by adsorption and accumulation 
of foulants (rejected oil, suspended solids and other compounds) on the membrane 
surface (external fouling) and in the membrane pores (internal fouling). Consequently, 
the development of new membranes that resist adsorption and accumulation of foulants is 
an active area of study. 
In work described in Chapter 2, surface-initiated atom transfer radical 
polymerization (ATRP) was used to graft bifunctional block copolymer nanolayers from 
the surface of commercial regenerated cellulose (RC) ultrafiltration membranes for 
treatment of produced water. My focus was tailoring surface chemistry using polymers 
known to provide fouling resistance (poly(ethylene glycol) methacrylate (PEGMA) 
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block) and temperature-responsiveness (poly(N-isopropylacrylamide) (PNIPPAm) 
block). Polymer grafting from the membrane surface provided an additional resistance to 
flow, but, in return, it was possible to decrease the rate of flux decline and reverse foulant 
accumulation using a chemical-free wash step. In this part of my PhD research work, I 
used the same surface chemistry, but varied the structural properties of the grafted block 
copolymer to better understand the role of polymer nanolayer structure on performance. 
Specifically, the objective of this work was to use initiator grafting density and average 
molecular weight of both the PNIPAAm and PPEGMA blocks as independent variables 
to optimize the performance of the surface-modified membranes. 
Structural properties, especially polymer grafting density, are critical factors that 
control surface fouling. In the biofouling literature, it has been reported that higher 
grafting density polymer nanolayers impart greater resistance to biofouling. Theoretical 
[Halperin, 1999; McPherson et al., 1998] and experimental work [Malmsten et al., 1998; 
McPherson et al., 1998; Sofia et al., 1998] suggest that fouling resistance is achieved 
primarily by having high enough grafting densities to mask the underlying substrate, and 
that chain length has a lesser effect. However, Unsworth et al. [2005, 2005] report that 
foulant (protein) adsorption decreased as polyethylene oxide (PEO) chain density 
increased until a threshold, after which foulant adsorption increased again. They 
suggested that PEO dehydrates at high chain density, yielding a surface that is no longer 
foulant resistant. Therefore, it is critical to have control over the ultimate grafting density 
to control fouling. 
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As explained in detail in Chapter 1, the controlled nature of surface-initiated 
ATRP allows for relatively fine control over the average molecular weight and grafting 
density of polymer chains. For example, Bhut and Husson [2009] and Bhut et al. [2011a, 
2011b] demonstrated that surface-initiated ATRP can be used independently to control 
both the grafting density and molecular weight of polymer chains grafted from the 
membrane surface to develop high-performance membrane adsorbers. 
The work presented in this chapter describes a protocol to develop advanced 
membranes for produced water treatment through modification of low-molecular weight 
cut-off regenerated cellulose ultrafiltration membranes with PNIPAAm-b-PPEGMA 
nanolayers using surface-initiated ATRP. The objective of this part of my doctoral 
research was to show how both initiator grafting density and polymerization time can be 
used to optimize membrane performance. Grafting density was varied systematically by 
changing the initiator concentration in solution during the membrane activation step. 
Polymerization time was used to vary the average molecular weight of both PNIPAAm 
and PPEGMA blocks. Water flux measurements using both direct-flow and cross-flow 
filtration experiments with model and oil-field produced waters were carried out to 
evaluate the performance of the modified membranes and determine the role of nanolayer 
structure on membrane performance for treatment of oily water. 
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3.2 Experimental 
3.2.1 Materials 
Composite ultrafiltration membranes with a nominal molecular weight cut-off 
(MWCO) of 5 kDa (Hydrosart, 14429-47, 47 mm dia.) were purchased from Sartorius 
Stedim Biotech (Bohemia, NY). Composite UF membranes with a nominal MWCO of 5 
kDa (PLCCC) were provided by EMD Millipore (Bedford, MA). Both membrane 
products comprise a thin regenerated cellulose layer on a polypropylene support.  
The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO) 
and used as received, unless stated otherwise: benzene (>99.5%), 2,2´-bipyridyl (bipy, 
>99%), 2-bromoisobutyryl bromide (2-BIB, 98%), copper(I) chloride (CuCl, >99.995%), 
copper(II) chloride (CuCl2, 99.99%), 1,2-epoxy-5-hexane (97%) neutral aluminum oxide 
(~150 mesh, 58 Ǻ), sodium chloride (NaCl, >99%), sulfuric acid (96% in water, Acros 
Organics, Fair Lawn, NJ), tris(2-dimethylaminoethyl)amine (Me6TREN, >98%, ATRP 
Solutions, Inc., Pittsburgh, PA). HPLC grade solvents were purchased from Fisher 
Scientific (Fair Lawn, NJ):  n-hexane, methanol, tetrahydrofuran (THF, anhydrous), and 
water. Phosphate buffer saline 1X powder concentrate (Biotech Grade) also was 
purchased from Fisher Scientific. Soybean oil (SO255) was purchased from Spectrum 
Chemicals (Gardena, CA). The fluorescent dye, 2‘7‘-difluorofluorescein (Oregon 
Green® 488), was purchased from Invitrogen (Eugene, OR). 
Poly(ethylene glycol) methacrylate (PEGMA) macromonomer (Mn ≈ 360 g/mol) 
containing monomethyl ether hydroquinone (650 ppm) inhibitor was purchased from 
Sigma-Aldrich. The inhibitor was removed before use by passing the PEGMA through a 
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column of neutral aluminum oxide. N-isopropylacrylamide (NIPAAm, 97%) was 
purchased from Sigma-Aldrich and purified prior to use by dissolving it in benzene and 
then re-crystallizing it from n-hexane. 
Deionized (DI) water used for flux measurements and preparation of PBS buffer 
solution was prepared by passing distilled water through a compact Milli-Q Integral 
water purification system (EMD Millipore) that was equipped with a 0.22 µm Millipax
®
 
sterile filter.  
3.2.1.1 Preparation of model produced water 
As explained in Chapter 2, I prepared a model produced water by mixing soybean 
oil (1.09 ml), NaCl (500 mg), and DI water (1.00 L) and stirring the mixture with a 
magnetic stir bar (0.95 cm diameter, 5.1 cm length) in a 1 L flat-bottom Erlenmeyer flask 
at a constant speed of 600 rpm at 60 °C for 24 h. The model produced water had a 
characteristic cloudy color and visibly remained stable throughout our long-term tests. 
3.2.1.2 Characteristics of oil-field produced water 
Oil-field produced water was obtained from a coal bed methane operation in 
northern Colorado composed of ten wells generating approximately 3800 L per day of 
water. The water, a combination of production from all ten wells, had undergone no 
previous treatment, except for the removal of particulate material such as small rocks, 
which can damage pumping equipment. The water was kept in 20 L opaque plastic 
carboys, out of direct sunlight, and at room temperature (~22 °C). Table 3.1 lists the 
properties of the oil-field produced water. All values represent averages computed using 
multiple samples that were analyzed for me at the Soil, Water, and Plant Testing 
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Laboratory at Colorado State University. Units for all values are parts per million (ppm), 
unless stated otherwise. 
Table 3.1 Properties of oil-field produced water. Units for all values are parts per million 
(ppm), unless stated otherwise. 
pH 8.55 Phosphorus 0.01 
Conductivity 1630 μS Aluminum 0.04 
TDS 860 Iron 0.42 
Total Carbon 540 Manganese 0.02 
Calcium 3.8 Copper < 0.01 
Magnesium 1.6 Zinc < 0.01 
Sodium 729 Nickel < 0.01 
Potassium 3.4 Molybdenum < 0.01 
Organic 
Carbon 
217 Cadmium < 0.01 
Inorga ic 
Carbon 
323 Chromium < 0.01 
hloride 1022 Barium 0.55 
Sulfate 2 Lead < .01 
Nitrate < 0.1 Selenium < .01 
Nitrogen < 0.1 Boron 0.12 
 
3.2.2 Membrane modification 
Low MWCO regenerated cellulose UF membranes were modified with 
PNIPAAm-b-PPEGMA nanolayers by surface-initiated ATRP, as detailed in Chapter 2.  
Figure 3.1 illustrates the block copolymer nanolayers with structural variables. The lower 
block represents PNIPAAm, which exhibits a lower critical solution temperature of 32 
°C. Coalesced oil, microorganisms, etc. that attach to PNIPAAm at temperatures above 
32 °C detach when the temperature is reduced below 32 °C. This switching between 
swollen and collapsed states provides a mechanism for membrane cleaning [Wandera et 
al., 2011]. The upper block represents PPEGMA, which suppresses attachment of 
foulants as a result of its high chain mobility and high excluded volume due to hydration. 
 106 
The variables of interest (shown schematically in Figure 3.1) include overall layer 
thickness (h), block layer thickness (b), grafting density (or chain-to-chain distance, d), 
and chain chemistry. These can be varied independently to study how each affects fouling 
resistance and temperature responsiveness. In work described in this chapter, initiator 
grafting density and polymerization time were varied independently to study the role of 
polymer nanolayer structure on membrane performance for treatment of oily and 
impaired water. 
 
Figure 3.1 Illustration of block copolymer nanolayer with structural variables that were 
varied at the nanoscale. The lower polymer block is PNIPAAm, a temperature-responsive 
layer; the upper polymer block is PPEGMA, which resists the onset of fouling. The 
variables of interest include overall layer thickness (h), block layer thickness (b), and 
grafting density (or chain-to-chain distance, d).  
 
 
 
 
  
d   
h 
 
b 
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3.2.2.1 Varying the initiator grafting density 
The first step in the modification procedure is membrane activation with ATRP 
initiator groups. Initiator grafting density (or yield, i.e., number of initiator molecules per 
unit surface area) was varied systematically by changing the initiator (2-BIB) 
concentration during the membrane activation step according to the protocol given by 
Bhut and Husson [2009]. Briefly, membranes were activated by treatment with solutions 
comprising different concentrations (1.34 to 6.45 mM) of 2-BIB in anhydrous THF for 2 
h. A constant solution volume of 20 mL per membrane was used for all experiments. 
High-performance liquid chromatography (HPLC, HP 1100 Series) with an organic acid 
analysis column (Bio-Rad Fast Acid Analysis ion-exchange column, 100 mm × 7.8 mm) 
was used to determine the initial and final concentrations of 2-BIB. A mass balance based 
on the difference between the initial and final concentration of 2-BIB in solution was 
used to calculate the mass of 2-BIB immobilized on the cellulose layer. 
3.2.2.2 Changing the polymerization time 
Polymerization time was used as a second, independent variable to control the 
average molecular weight of both the PNIPAAm and PPEGMA chains grafted from the 
membrane surface at constant initiator grafting density. In a first set of experiments, the 
PNIPAAm polymerization time was varied from 0.5 to 2 h at a constant initiator grafting 
density and constant PPEGMA polymerization time of 3 h. In a second set of 
experiments, the PPEGMA polymerization time was varied from 1.5 to 6.0 h at a 
constant initiator grafting density and constant PNIPAAm polymerization time of 1.0 h. 
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In all of these experiments, the membranes were prepared using an initiator concentration 
of 1.0 mM. 
3.2.3 Confocal laser scanning microscopy (CLSM) 
Confocal laser scanning microscopy was used to study the intra-membrane 
initiator distribution and thereby visualize uniformity of modification throughout the 
membrane. The internal distribution of fluorescently end-capped initiator groups was 
used as a direct measure of the initiator distribution. CLSM images were translated into 
fluorescence intensity profiles. Image analysis methods are provided by Marroquin et al. 
[2011]. 
3.2.3.1 Equipment 
A Nikon Ti Eclipse C1si confocal laser scanning microscope system was used in 
fluorescence mode with a Nikon CFI Plan Apochromat 60X TIRF oil immersion 
objective (numerical aperture of 1.49) to visualize fluorescently stained membranes and 
to capture images as 12-bit scans with a resolution of 512 × 512 pixels. Details about the 
instrument and operating conditions including sample mounting are provided by 
Marroquin et al. [2011]. 
3.2.3.2 Membrane preparation 
An atom transfer radical addition reaction was carried out to add dye-reactive 
functional groups onto initiator-activated membranes. During this reaction, ATRP 
initiator groups were end-functionalized with epoxy groups, as first presented in detail by 
Coessens et al. [2000]. In this process, 1,2-epoxy-5-hexene (0.10 M, 0.56 mL) was added 
to an ATRP catalyst solution composed of CuCl (2.0 mM, 9.9 mg), CuCl2 (0.40 mM, 2.7 
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mg) and bipy (4.8 mM, 38 mg), dissolved in THF (50 mL). A previously activated 
membrane was then placed in the solution and the solution was brought to 40 °C.  After a 
5 h reaction, the membrane was removed from the solution and thoroughly washed with 
THF. 1,2-Epoxy-5-hexene reacts with radicals produced by the ATRP initiator groups 
during the process. Since 1,2-epoxy-5-hexene is not polymerizable by ATRP, the result is 
a monoaddition reaction to yield an end-functionalized group. That is, further reactivation 
with subsequent monomer addition is not possible, and the ATRP initiator group is thus 
capped with one epoxy group.  
Epoxy functionalized membranes were stained with Oregon Green® 488 
carboxylic acid dye (Invitrogen, D-6145). Oregon Green® 488 contains a carboxylic acid 
group that will react with the epoxy groups (but not –OH groups of the base membrane). 
This dye was selected because the fluorescence of its conjugates is not quenched 
appreciably, even at relatively high degrees of labeling, and is essentially pH insensitive 
at pH > 6 [Fluorescein, 2012]. An epoxy-functionalized membrane was soaked in dye 
solution prepared with Oregon Green® 488 (0.68 mM, 0.25 g) dissolved in THF (30 mL) 
and placed in a temperature-controlled water bath at 35 °C for 18 h. The membrane was 
taken out of the dye solution, soaked for 1 h in 30 mL of THF, and then rinsed three 
times with 30 mL of phosphate buffered saline (PBS) solution to remove unbound dye. 
PBS solution was prepared using bioreagent 1X powder concentrate (Fisher Scientific, 
BP661-10) and DI water. An unmodified membrane was treated using the same protocol, 
and it was used as the control sample. 
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3.2.4 Performance properties of the modified membranes 
The performance of the modified membranes was tested by measuring water flux 
using both direct-flow and cross-flow filtration experiments. These water flux 
experiments were carried out using the  model produced water developed from an oil-in-
water emulsion and also an actual oil-field produced water. 
3.2.4.1 Water flux measurements 
Direct-flow filtration experiments using model produced water and actual oil-field 
produced water were carried out using 45 mm diameter membrane discs. All 
measurements with actual oil-field produced water were performed by Prof. Ranil 
Wickramasinghe and his group at Colorado State University. Membranes were loaded 
into an Amicon stirred ultrafiltration cell (model 8050, EMD Millipore), which provided 
constant agitation at a speed of ~320 rpm during filtration, measured using a tachometer 
(Model 20713A, Neiko Tools USA, Chesterton, IN). A constant gauge pressure of 210 
kPa and temperature of 45 °C were used for all experiments. Additional measurement 
details were given in Chapter 2. A few fouling tests also were performed using the 
constant initial flux method. To study the effect of grafting density on membrane 
cleaning, the membranes were rinsed with cold (15 °C) DI water after each 60 min warm 
(45 °C) produced water filtration run. Additional details on membrane cleaning were 
given in Chapter 2. Five produced water filtration runs were carried out on each 
membrane.  
Pure water fluxes of the pristine and modified membranes were measured by 
direct-flow filtration experiments using DI water. These experiments were carried out 
 111 
using the same operating conditions that were used for produced water flux 
measurements. 
To examine the long-term performance of our modified membranes, cross-flow 
membrane filtration experiments with model  produced water were carried out using a 
Septa
®
 CF II medium/high foulant membrane cell system (GE Osmonics, Minnetonka, 
MN). The system was operated in recirculation mode where retentate and permeate were 
recycled to the feed container using a Hydra-Cell pump (Wanner Engineering, Inc., 
Minneapolis, MN). All experiments were carried out using a constant transmembrane 
pressure (TMP) of 280 kPa and temperature of 50 °C. This temperature was selected 
because it is common for produced water coming out of deep oil wells to be warm (above 
40 °C). 
3.2.4.2 Water quality analysis 
3.2.4.2.1 Conductivity and TDS 
The conductivity and total dissolved solids (TDS) concentration of the feed and 
permeate were measured using a multiple parameter SympHony
TM
 meter (VWR, Radnor, 
PA). Salt concentrations and rejection values were determined by measuring electrical 
conductivities and using a standard calibration plot prepared by measuring the 
conductivities of standard solutions with known salt concentrations.   
3.2.4.2.2 TC and TOC 
Total carbon (TC) and total organic carbon (TOC) concentrations of the feed and 
permeate were determined using a high temperature total organic carbon analyzer 
(Shimadzu TOC-VCSH 5050A, Columbia, MD) that operates on a catalytic combustion 
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method. Samples were combusted fully by heating to 680 °C within a combustion tube 
filled with platinum catalyst. The carbon dioxide (CO2) produced from this combustion 
was sent through a halogen scrubber and then to a non-dispersive infrared gas detector 
(NDIR) to measure total carbon content. Additionally, some of the original, pre-
combustion sample was sent to an acid digestion vessel to neutralize carbonates and 
bicarbonates in the sample. The amount of CO2 generated from neutralization was 
measured by the NDIR detector to determine the inorganic carbon content. Total organic 
carbon was then calculated by subtracting the inorganic carbon from the total carbon. 
3.3 Results and discussion 
3.3.1 Membrane modification 
In numerous recent papers [Bhut et al. 2008, 2012; Bhut and Husson, 2009; 
Samadi et al., 2005; Singh et al. 2005, 2008a, 2008b; Tomer et al., 2009; Wandera et al., 
2011], we have demonstrated our ability to use surface-initiated ATRP to grow well-
defined polymer nanolayers. In addition to varying surface chemistry, we are able to vary 
polymer layer thickness and polymer chain density independently to study how each of 
these properties impacts membrane performance. Processes that graft polymers to the 
surface or that use conventional radical polymerization methods will not allow this level 
of control to enable precise structure-property analysis.  
In Chapter 2, the grafting of PNIPAAm-b-PPEGMA from regenerated cellulose 
(RC) ultrafiltration membranes using surface-initiated ATRP was described in detail. In 
this chapter, initiator grafting density and average molecular weight of both blocks of the 
grafted PNIPAAm-b-PPEGMA nanolayers (as shown schematically in Figure 3.1) were 
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used as independent variables to optimize the performance of surface-modified UF 
membranes for produced water treatment. Water flux measurements using both direct-
flow and cross-flow filtration experiments were carried out to evaluate the performance 
of the modified membranes. 
3.3.1.1 Effect of varying the initiator grafting density 
A critical component of my research is the ability to tailor the surface of the 
membranes with well-defined block copolymers. It is known from the biomaterials 
literature that bio-fouling resistance using PEG is achieved primarily by having high 
enough
 
[Halperin, 1999; Malmsten et al., 1998; McPherson et al., 1998; Sofia et al., 
1998] (but not too high [Unsworth et al., 2005a, 2005b]) grafting densities. By extension, 
I sought to understand if there is an optimum density of PEG-containing copolymer 
chains that minimizes fouling by abiotic foulants in produced water. It has been 
suggested for UF membranes that fouling by produced water is due primarily to 
adsorption of oil on the membrane surface [Bhattacharyya et al., 1997; Mueller et al., 
1997]. It further has been suggested that the oil droplets on the surface of the membrane 
coalesce and form a surface-fouling oil film [Lee et al., 1984; Lipp et al., 1988; 
Koltuniewicz et al., 1995]. PPEGMA was selected as the outer block in our surface 
modification layer because its well-hydrated PEG side chains protect the membrane from 
fouling by adsorption and coalescence of oil micro-droplets.  
PNIPAAm was selected as the inner block to make the membrane surface 
temperature responsive. Here again, grafting density is important, since it impacts layer 
responsiveness via reversible swelling and collapse [Biesalski and Ruhe, 2002; Samadi et 
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al., 2005].  Therefore, there may be an optimum density of chains that provides protection 
to the underlying substrate as well as high degrees of swelling/deswelling. High grafting 
density leads to low responsiveness, while low grafting density leads to poor antifouling 
properties. Since ATRP is a controlled polymerization process, I am able to control the 
thickness of each block layer.  
To vary grafting density, I adopted a strategy given by Bhut and Husson [2009], 
who showed that increasing the initiator concentration during the membrane activation 
step systematically increased the initiator grafting density and subsequently the density of 
polymer chains grafted from the membrane surface. 
A mass balance was used to determine how much initiator was used up during the 
membrane activation step. The initial (Ct=0) and final (Ct=2h) initiator (2-BIB) 
concentrations in solution as determined by HPLC were used to calculate the conversion 
and the total number of initiator molecules consumed per membrane. A constant overall 
conversion of 93.2 ± 0.2 % was obtained for all 2-BIB concentrations from 1.34 to 6.45 
mM. The thin cellulose layer on the base membrane was scrapped off mechanically and 
weighed to determine the mass of cellulose on each membrane. Each 45 mm diameter 
Hydrosart membrane had 23.8 ± 0.4 mg of pure cellulose. Every repeat unit of pure 
cellulose contains three hydroxyl groups, and, based on this information, the estimated 
maximum number of hydroxyl groups per membrane was calculated. Combining the total 
number of initiator molecules consumed per membrane and the estimated maximum 
number of hydroxyl group per membrane, the ratios of initiator to hydroxyl group were 
calculated. In addition, the initiator grafting densities (number of initiator molecules per 
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membrane surface area) were calculated. Surface area per unit mass of the membrane was 
found to be 35.3 ± 0.1 m
2
/g. Table 3.2 summarizes the results. The errors in the 2-BIB 
concentrations represent the standard errors of the mean for the individual initiator 
concentrations measured during the experiment. Error analysis was used to propagate the 
errors given for other entries in the table.  
Table 3.2 Results from mass balance calculations around the membrane activation step 
using 5 kDa hydrosart membranes.  
C
t = 0
 (mM)  C
t = 2h
 (mM)  2-BIB/membrane 
(µmol) 
[2-BIB]/[OH]  
(× 100%)  
Initiator density 
(molecules/nm²) 
1.34 ± 0.19  0.08 ± 0.03  25.0 ± 3.8  5.69 ± 0.86  2.46 ± 0.37  
1.89 ± 0.15  0.12 ± 0.03  35.5 ± 3.1  8.07 ± 0.72  3.50 ± 0.31  
2.66 ± 0.16  0.18 ± 0.04  49.6 ± 3.3  11.3 ± 0.8  4.89  ± 0.33  
3.34 ± 0.19  0.27 ± 0.04  61.5 ± 4.0  14.0 ± 0.9  6.06 ± 0.39  
4.84 ± 0.30  0.33 ± 0.06  90.1 ± 6.2  20.5 ± 1.4  8.88 ± 0.61  
6.45 ± 0.18  0.44 ± 0.06  120 ± 4  27.3 ± 1.0  11.8 ± 0.4  
 
Figure 3.2 shows the linear relationship between the initial 2-BIB concentration and the 
initiator grafting density. The error bars in Figure 3.2 and all other figures represent 
standard errors of the mean for two or more measurements. These results are consistent 
with those of Bhut and Husson [2009] and demonstrate that the initiator grafting density 
on the membrane surface can be varied systematically by changing the initiator 
concentration in solution during the membrane activation step. 
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Figure 3.2 Dependence of the membrane initiator grafting density (yield, number per unit 
surface area) on the initial initiator (2-BIB) concentration in solution during membrane 
activation using 5 kDa Hydrosart membranes. 
The internal distribution of fluorescently end-capped initiator groups, as translated 
from CLSM images, was used as a direct measure of the initiator distribution throughout 
the membrane. These intra-membrane measurements were done to visualize the 
uniformity of modification. CLSM has been used before to study ligand distributions 
directly within membranes [Wang et al., 2008; Wickramasinghe et al., 2006].  
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Figure 3.3 shows CLSM images of an unmodified membrane (the control sample) 
and two modified membranes. Images represent single x-y planes at a common depth of z 
= 0.53 µm. Modified membranes were activated with 0.25 mM and 1.0 mM 2-BIB. The 
initiator-activated membranes were modified further by atom transfer addition of 1,2-
epoxy-5-hexene. Both the unmodified and modified membranes were stained with 
Oregon Green® 488 as a fluorescent label. Following the rinse protocol, the control 
sample gave a dark image relative to the modified membranes, indicating that the dye 
reacted with only the epoxy end groups on the modified membranes (and not –OH groups 
of the base membrane). 
 
Figure 3.3 CLSM images of an unmodified 5 kDa Hydrosart membrane and 5 kDa 
Hydrosart membranes activated with 0.25 and 1.0 mM 2-BIB. The initiator-activated 
membranes were modified further by an atom transfer addition reaction of 1,2-epoxy-5-
hexene (1,2-epoxy-5-hexene (0.1 M)/Cu(I)/Cu(II)/bipy: 50/1/0.2/2.4) for 5 h at 40 °C. 
Membranes were stained with Oregon Green® 488. Images are shown at a common 
depth of 0.53 µm. 
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Lateral x-y scans from CLSM of the modified membranes at different depths (z) 
are shown in Figures 3.4 (for a 0.25 mM 2-BIB activated membrane) and 3.5 (for a 1.0 
mM 2-BIB activated membrane).  
 
Figure 3.4 CLSM images of a 5 kDa Hydrosart membrane activated with 0.25 mM 2-
BIB at different depths (z). The initiator-activated membranes were modified further by 
atom transfer addition reaction of 1,2-epoxy-5-hexene (1,2-epoxy-5-hexene (0.1 
M)/Cu(I)/Cu(II)/bipy: 50/1/0.2/2.4) for 5 h at 40 °C. Membranes were stained with 
Oregon Green® 488. 
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Figure 3.5 CLSM images of a 5 kDa Hydrosart membrane activated with 1.0 mM 2-BIB 
at different depths (z). The initiator-activated membranes were modified further by atom 
transfer addition reaction of 1,2-epoxy-5-hexene (1,2-epoxy-5-hexene (0.1 
M)/Cu(I)/Cu(II)/bipy: 50/1/0.2/2.4) for 5 h at 40 °C. Membranes were stained with 
Oregon Green® 488. 
From these images, values of I(z) representing average pixel intensities determined using 
NIS Elements version 4.0 (Nikon, USA) were obtained. Figure 3.6 shows the intensity 
profiles of the unmodified and modified membranes as image mean pixel intensities at 
different depths, normalized by the intensity at the surface (I0). The profiles follow the 
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typical exponential decay of light intensity versus depth, which results from the light 
scattering and absorption that occur in the excitation and emission light paths, as 
described in detail previously [Marroquin et al., 2011]. Importantly, the decrease in 
intensity should not be interpreted as a decrease in the amount of fluorophore (i.e., 
initiator) as a function of depth. Rather, the slope of the intensity profiles depends on 
properties (scattering coefficients, absorption coefficients, porosity) of the membrane and 
mounting medium. For a symmetric membrane (constant porosity and constant degree of 
staining throughout the depth), the slope should be linear. Examination of the control 
membrane showed faint fluorescence that was attributed to a low amount of non-specific, 
physisorbed dye. Therefore, the intensity profile for this control membrane is indicative 
of the profile for a uniformly distributed dye. The slight curvature likely is due to a 
change in porosity through the transition zone from the cellulose layer (~5 microns thick) 
to the support layer. More importantly, the modified membranes showed essentially the 
same intensity profile, indicating that there was no observable accumulation of dye near 
the surface. Had there been an accumulation of dye near the membrane external surface 
due to higher initiator density at the surface, the profile for I/Io versus depth would be 
concave downward. The confocal data therefore suggest that there is a uniform initiator 
distribution throughout the membrane for membranes prepared using both low and high 
initiator concentrations. 
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Figure 3.6 CLSM intensity profiles of an unmodified 5 kDa Hydrosart membrane and 5 
kDa Hydrosart membranes activated with 0.25 and 1.0 mM 2-BIB. The initiator-activated 
membranes were modified further by an atom transfer addition reaction of 1,2-epoxy-5-
hexene (1,2-epoxy-5-hexene (0.1 M)/Cu(I)/Cu(II)/bipy: 50/1/0.2/2.4) for 5 h at 40 °C. 
Membranes were stained with Oregon Green® 488.  
Pure water flux measurements were carried out using direct-flow experiments 
with DI water at a constant pressure and temperature of 210 kPa and 45 °C to determine 
how initiator grafting density affects membrane performance. Figure 3.7 shows data on 
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pure water flux versus filtration time for an unmodified membrane and three modified 
membranes. Modified membranes were activated with 0.25, 0.50 and 1.0 mM 2-BIB. The 
initiator-activated membranes were modified further by surface-initiated ATRP of 
PNIPAAm for 1 h and PPEGMA for 3 h. Details of the formulation are given in the 
figure caption. Higher initiator concentrations and, hence, higher initiator grafting 
densities led to lower flux. A higher initiator grafting density leads to a denser polymer 
nanolayer on the membrane surface, which leads to a higher percentage flux decline.  The 
percentage flux decline after modification ranged from 56.1% to 80.5% for membranes 
activated with initiator concentrations ranging from 0.25 mM to 1.0 mM. However, 
importantly, the permeabilities of our modified membranes (0.21–0.30 L/(m²·h)/kPa) 
compare well to the permeabilities of commercial membranes used for removal of 
organics with high salt passage (e.g., GE Septa
TM
, GE Osmonics; Liqui-Flux
®
, 
Membrana GmbH; Dow
TM
, Dow Water Solutions), which range from 0.14 L/(m²·h)/kPa 
to 0.57 L/(m²·h)/kPa. The advantage of our membranes is the ability to swell in response 
to a change in temperature, which improves the efficiency for flux recovery during 
cleaning. 
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Figure 3.7 Direct-flow pure water flux at 210 kPa and 45 °C for an unmodified 5 kDa 
Hydrosart membrane and 5 kDa Hydrosart membranes activated with 0.25, 0.50 and 1.0 
mM 2-BIB. The initiator-activated membranes were modified further by surface-initiated 
ATRP of PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 100/1/0.2/2.4) for 1 h 
and then PPEGMA (PEGMA (0.1 M)/Cu(I)/Cu(II)/bipy: 200/1/0.2/2.4) for 3 h. 
Direct-flow experiments were carried out using both our model produced water 
and actual oil-field produced water to evaluate the effect of varying the initiator grafting 
density on membrane performance. All experiments were carried out at a 45 °C. Figure 
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3.8 shows data on flux versus filtration time for an unmodified and two modified 
membranes obtained using our model produced water. The figure gives data for constant 
pressure measurements, as well data for an unmodified membrane at lower applied 
pressure (140 kPa) to match the initial flux for one of our modified membranes.  
Modified membranes were activated with 0.8 and 3.24 mM 2-BIB. Polymer grafting 
from the membranes led to decreases in the water flux. Membranes activated using higher 
initiator concentrations had lower flux values, which again shows that higher initiator 
grafting densities yield denser polymer nanolayers on the membrane surface. The grafted 
polymer nanolayers provide an additional resistance to flow. Although modification 
decreases flux, all modified membranes showed slower rates of flux decline than the 
unmodified membrane. Modified membranes, especially those with the highest grafting 
densities, had more stable flux over time.  
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Figure 3.8 Direct-flow model  produced water flux at 210 kPa and 45 °C for an 
unmodified 5 kDa Hydrosart membrane and 5 kDa Hydrosart membranes activated with 
0.80 and 3.2 mM 2-BIB. The initiator-activated membranes were modified further by 
surface-initiated ATRP of PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 
100/1/0.2/2.4) for 1 h and then PPEGMA (PEGMA (0.1 M)/Cu (I)/Cu(II)/bipy: 
200/1/0.2/2.4) for 3 h. A lower pressure of 140 kPa was used to collect data (circles) at 
lower initial flux for the unmodified membrane.  
Water recovery (i.e., percentage of feed that is recovered as permeate) for the 
 126 
direct-flow measurements was in the range of 5.5-16.6%, and the system was well stirred. 
Nevertheless, since the unmodified membrane allows higher flux than modified 
membranes at constant pressure, I wanted to determine if the increased fouling of the 
unmodified membrane was a result of a higher oil concentration (due to polarization) 
near the membrane surface. An experiment with lower initial flux (lower transmembrane 
pressure) using an unmodified membrane showed that, even for the case of equivalent 
starting flux, the unmodified membrane has a faster rate of flux decline compared to the 
modified membrane. This suggests that the modification layer improves fouling 
resistance. 
The constant initial flux method was used to carry out five 60 min model 
produced water filtration runs on each membrane. After each produced water filtration 
run, the membranes were rinsed with cold DI water to evaluate the effect of grafting 
density on flux recovery and hence membrane cleaning. Figure 3.9 shows flux data for an 
unmodified 5 kDa Hydrosart membrane at 100 kPa, a 5 kDa Hydrosart membrane 
activated with 0.25 mM 2-BIB at 180 kPa and a 5 kDa Hydrosart membrane activated 
with 0.50 mM 2-BIB at 210 kPa. As was observed in Chapter 2, the flux recovery was 
better for the modified membranes after a cold water rinse. Flux recovery was also better 
for the 0.50 mM 2-BIB activated membrane than for the 0.25 mM 2-BIB activated 
membrane. The flux recovered to ~84%, ~91% and ~95% of the initial flux after the 
fourth cold water rinse step for the unmodified, 0.25 mM 2-BIB activated and 0.50 mM 
2-BIB activated membranes, respectively. This result indicates that modification with 
0.50 mM 2-BIB provides the membrane surface with a dense enough block copolymer 
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nanolayer that is able to protect the membrane surface from irreversible fouling and, at 
the same time, allows the nanolayer to stretch out during membrane cleaning, yielding 
effective removal of foulants. 
 
Figure 3.9 Direct-flow model  produced water flux at 45 °C for an unmodified 5 kDa 
Hydrosart membrane at 100 kPa, a 5 kDa Hydrosart membrane activated with 0.25 mM 
2-BIB at 180 kPa and a 5 kDa Hydrosart membrane activated with 0.50 mM 2-BIB at 
210 kPa. The initiator-activated membranes were modified further by surface-initiated 
ATRP of PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 100/1/0.2/2.4) for 1 h 
and then PPEGMA (PEGMA (0.1 M)/Cu (I)/Cu(II)/bipy: 200/1/0.2/2.4) for 3h.  
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Figure 3.10 shows flux versus filtration time data for an unmodified and four 
modified membranes obtained using actual oil-field produced water. Modified 
membranes were activated with 0.75, 1.0, 1.5 and 4.5 mM 2-BIB. The initiator-activated 
membranes were modified further by surface-initiated ATRP of PNIPAAm for 1 h and 
PPEGMA for 3 h. Details of the formulation are given in the figure caption.  The actual 
oil-field produced water fouled the membranes more significantly than our model  
produced water. There was more significant flux decline observed even for the modified 
membranes when filtration was carried using actual oil-field produced water. Our model  
produced water was developed to have representative values for oil content, conductivity 
and TDS. In this case, fouling is due to oil deposition. However, actual oil-field produced 
water contains other components like soluble organics (PAHs, phenols, organic acids, 
etc.), treatment chemicals (corrosion inhibitors, scale inhibitors, biocides, emulsion 
breakers, etc.), carbonates, bicarbonates, sulfates, silicates, bacteria, metals, etc. that 
present a higher fouling potential than our model  produced water. It is therefore not 
surprising to see more rapid flux decline for experiments using this feed. These results 
suggest that soybean oil is not an appropriate simultant for oils found in produced water. 
Previous investigators have suggested other, potentially more appropriate simultants for 
oils found in produced water. Muller et al. [1997] added a heavy crude oil (API 12) to tap 
water, Sagle et al. [2009] added n-decane and surfactant to deionized water, Koltuniewicz 
et al. [1995] added dodecane to water while Louise et al. [2006] added motor oil and 
silicone base emulsifier to deionized water. 
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Figure 3.10 Direct-flow oil-field produced water flux at 210 kPa and 45 °C for an 
unmodified 5 kDa Hydrosart membrane and 5 kDa Hydrosart membranes activated with 
0.75, 1.0, 1.5 and 4.5 mM 2-BIB. The initiator-activated membranes were modified 
further by surface-initiated ATRP of PNIPAAm (NIPAAm (0.05 
M)/Cu(1)/Cu(II)/Me6TREN: 100/1/0.2/2.4) for 1 h and then PPEGMA (PEGMA (0.1 
M)/Cu(I)/Cu(II)/bipy: 200/1/0.2/2.4) for 3 h. 
The long-term performance of the surface-modified membranes was evaluated by 
carrying out cross-flow filtration experiments using our model produced water. Figure 
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3.11 shows model produced water flux data (permeate flux versus time) obtained by 
cross-flow filtration for an unmodified and two modified membranes. Water recovery for 
the cross-flow measurements was less than 0.1% for all measurements. Modified 
membranes were activated with 1.0 and 2.0 mM 2-BIB. The initiator-activated 
membranes were modified further by surface-initiated ATRP of PNIPAAm for 1 h and 
PPEGMA for 3 h. All experiments were carried out at a temperature of 50 °C and a TMP 
of 280 kPa. Not surprisingly based on the results of direct-flow measurements, permeate 
flux at the start of the experiment was lower for the modified membranes than for the 
unmodified membrane. However, the modified membranes experienced a slower rate of 
flux decline than the unmodified membrane, and, as a result, the instantaneous flux of 
both modified membranes cross that of the unmodified membrane at some point during 
the 72 h experiment. The cross-over point is 32 h for the modified membrane that was 
activated with 1 mM 2-BIB. After 72 h, the total volume of permeate processed through 
this modified membrane was ~ 20% higher than the total permeate that was processed 
through the unmodified membrane. Despite the decreases in flux post modification, 
especially for membranes with the highest grafting densities, the modified membranes 
clearly allow for higher cumulative volumes of water to be processed over time prior to 
cleaning. Similarly, Louie et al. [2006] reported that despite the significant flux loss 
observed on modification of reverse osmosis membranes with a polyether-polyamide 
block copolymer (PEBAX
®
), the modified membranes showed slower flux decline over 
time and allowed for higher cumulative volumes of water to be processed. This long-term 
flux study also supported the observation during the short-term direct-flow experiments 
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that higher initiator concentration and, hence, higher grafting density led to lower flux 
through the modified membranes. 
 
Figure 3.11 Cross-flow model produced water flux at a TMP of 280 kPa and 50 °C for 
an unmodified 5 kDa PLCCC membrane and 5 kDa PLCCC membranes activated with 
1.0 and 2.0 mM 2-BIB. The initiator-activated membranes were modified further by 
surface-initiated ATRP of PNIPAAm (NIPAAm (0.05 M)/Cu(1)/Cu(II)/Me6TREN: 
100/1/0.2/2.4) for 1 h and then PPEGMA (PEGMA (0.1 M)/Cu(I)/Cu(II)/bipy: 
200/1/0.2/2.4) for 3 h. 
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Table 3.3 shows results of the permeate quality measurements for carbon content 
after filtration of actual oil-field produced water using modified RC 5 kDa membranes 
that had been activated with initiator concentrations ranging from 0.50 mM to 2.0 mM. 
Organic carbon removal was generally high in all membranes as indicted by the high 
TOC removal percentages. There was a slight improvement in TOC removal on 
increasing the grafting density; with removal efficiency increasing from 95.6 to 98.4% on 
increasing the initiator concentration from 0.50 to 2.0 mM during membrane activation. 
Inorganic carbon removal was low for all membranes. The inorganic carbon content of 
oil-field produced water is made up of water-soluble components like carbonate and 
bicarbonate salts that are not expected to be retained by ultrafiltration membranes. 
Permeate from all membranes had high conductivity and TDS concentrations, which are 
additional indicators of poor salt rejection.  
Table 3.3 Permeate quality measurements for carbon content after filtration of actual oil-
field produced water using unmodified and modified RC 5 kDa hydrosart membranes. 
Membrane Total Carbon 
(mg/L) 
Inorganic 
Carbon 
(mg/L) 
Organic 
Carbon 
(mg/L) 
TOC Removal 
(%) 
Unmodified 223 197 25.9 88.1 
0.5 mM 2-BIB  205 196 9.50 95.6 
1.0 mM 2-BIB 204 195 8.80 96.0 
2.0 mM 2-BIB 192 188 3.50 98.4 
 
Ultrafiltration membranes are not used for salt rejection in water treatment 
applications, and even reducing the average effective pore size through membrane 
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surface modification with increased grafting density did not improve the inorganic carbon 
rejection. However, some researchers have shown that modifying nanofiltration 
membranes by layer-by-layer assembly of polyelectrolyte thin films increases salt 
rejection [Hong et al., 2007; Jin et al. 2003; Malaisamy et al. 2011]. Malaisamy et al. 
[2011] reported that their modified membranes exhibited higher selectivity and flux than 
commercial reverse osmosis membranes, and chloride rejection increased from 30 to 91 
% upon membrane modification. Therefore, a similar approach could be taken to 
incorporate a polyelectrolyte block into the surface modification layer of my UF 
membranes to improve their salt rejection. Alternatively, one could utilize our UF 
membrane as an organic prefilter to a reverse osmosis unit. 
Overall, this part of the study showed that the initiator grafting density on the 
membrane surface can be varied systematically by changing the initiator concentration in 
solution during the membrane activation step. I observed that varying the initiator 
grafting density on the membrane surface while keeping both the PNIPAAm and 
PPEGMA polymerization time constant affects membrane performance. Lower initiator 
grafting density leads to a less dense polymer nanolayer on the membrane surface and 
this minimizes the decrease in water flux post modification. Higher initiator densities 
yielded membranes with stable flux, while lower densities improved but did not 
eliminate, flux decline. The trade-off for the stable flux at higher initiator densities is 
lower instantaneous flux. Therefore, my protocol allowed me to optimize membrane 
performance by finding the initiator grafting density that gives acceptable combinations 
of flux decline and instantaneous flux. 
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3.3.1.2 Effect of changing polymerization time 
Another objective of my research was to vary the individual block layer 
thicknesses at constant initiator grafting density to study how layer thickness impacts 
fouling resistance and permeate flux. ‗Thick‘ modifying layers are good for providing 
effective protection to the underlying substrate from foulants in the feed solution, but 
they also provide an additional resistance to flow, leading to lower permeate flux at 
constant TMP. On the hand, thin modifying layers provide less resistance to flow, leading 
to high permeate flux, but they provide less protection to the underlying substrates. 
Therefore, there may be an optimum nanolayer thickness that provides adequate 
protection to the underlying substrate to prevent fouling and a high instantaneous 
permeate flux. 
Firstly, the average molecular weight of grafted PNIPAAm chains was varied by 
changing the PNIPAAm polymerization time at a constant initiator grafting density and 
constant PPEGMA polymerization time. Figure 3.12 shows data on pure water flux 
versus filtration time for an unmodified and three modified membranes. Modified 
membranes were activated with 1.0 mM 2-BIB. The initiator activated membranes were 
modified further by surface-initiated ATRP of PNIPAAm for 0.5, 1 and 2 h and 
PPEGMA for 3 h. Details of the formulation are given in the figure caption. All 
experiments were carried out at a constant pressure of 210 kPa and temperature of 45 °C. 
The permeabilities after modification ranged from 0.14–0.29 L/(m²·h)/kPa for 
membranes modified by PNIPAAm for polymerization times ranging from 0.5 to 2.0 h. 
These values are within the range of permeabilities achieved by commercial products 
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used for removal of organics with high salt passage, as reported in Section 3.3.1.1. 
Decreasing PNIPAAm polymerization time at constant initiator grafting density and 
constant PPEGMA polymerization time reduces the average molecular weight of 
PNIPAAm chains grafted from the membrane surface, which minimizes the decrease in 
water flux post modification. 
 
Figure 3.12 Pure water flux at 210 kPa and 45 °C for an unmodified 5 kDa Hydrosart 
membrane and 5 kDa Hydrosart membranes modified by surface-initiated ATRP of 
PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 100/1/0.2/2.4) for 0.5, 1.0 and 
2.0 h, and then PPEGMA (PEGMA (0.1 M)/Cu(I)/Cu(II)/bipy: 200/1/0.2/2.4) for 3 h. 
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Secondly, the average molecular weight of grafted PPEGMA chains was varied 
by changing the PPEGMA polymerization time at a constant initiator grafting density and 
constant PNIPAAm polymerization time. Figure 3.13 shows data on pure water flux 
versus filtration time for an unmodified and three modified membranes. Modified 
membranes were activated with 1.0 mM 2-BIB. The initiator-activated membranes were 
modified further by surface-initiated ATRP of PNIPAAm for 1.0 h and PPEGMA for 1.5, 
3.0 and 6.0 h. Details of the formulation are given in the figure caption.  All experiments 
were carried out at a constant pressure of 210 kPa and temperature of 45 °C. The 
permeabilities after modification ranged from 0.15–0.27 L/(m²·h)/kPa for membranes 
modified by PPEGMA for polymerization times ranging from 1.5 h to 6.0 h. Decreasing 
PPEGMA polymerization time at constant initiator grafting density and constant 
PNIPAAm polymerization time reduces the average molecular weight of PPEGMA 
chains grafted from the membrane surface, which, again, minimizes the decrease in water 
flux post modification. 
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Figure 3.13 Pure water flux at 210 kPa and 45 °C for an unmodified 5 kDa Hydrosart 
membrane and 5 kDa Hydrosart membranes modified by surface-initiated ATRP of 
PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 100/1/0.2/2.4) for 1.0 h, and 
then PPEGMA (PEGMA (0.1 M)/Cu(I)/Cu(II)/bipy: 200/1/0.2/2.4) for 1.5, 3.0 and 6.0 h.  
Direct-flow experiments were carried out using our model  produced water to 
evaluate the effect of varying the individual block layer thicknesses at constant initiator 
grafting density on membrane performance. All experiments were carried out at a 
constant pressure of 210 kPa and temperature of 45 °C. Figure 3.14 shows data on flux 
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versus filtration time for an unmodified and two modified membranes. Modified 
membranes were activated with 1.0 mM 2-BIB. The initiator activated membranes were 
modified further by surface-initiated ATRP of PNIPAAm for 0.5 or 2 h and PPEGMA 
for 3 h.  
 
Figure 3.14 Direct-flow model  produced water flux at 210 kPa and 45 °C for an 
unmodified 5 kDa Hydrosart membrane and 5 kDa Hydrosart membranes modified by 
surface-initiated ATRP of PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 
100/1/0.2/2.4) for 0.5 and 2.0 h, and then PPEGMA (PEGMA (0.1 M)/Cu(I)/Cu(II)/bipy: 
200/1/0.2/2.4) for 3 h.  
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Figure 3.15 shows data on flux versus filtration time for an unmodified and two modified 
membranes. Modified membranes were activated with 1.0 mM 2-BIB. The initiator 
activated membranes were modified further by surface-initiated ATRP of PNIPAAm for 
1.0 h and PPEGMA for 1.5 or 6.0 h. Details of the formulation are given in the figure 
caption. Generally, polymer grafting from the membranes led to decreases in the water 
flux, with longer polymerization times yielding membranes with lower flux values. This 
result again shows that increasing the polymerization times increases the individual block 
layer thicknesses. The trade-off for decreased flux is that all modified membranes 
showed slower rates of flux decline than the unmodified membrane. To a small extent, 
the membrane modified with the thickest PPEGMA layer had the most stable flux. This 
result is consistent with the original intent of this block layer: PPEGMA was selected to 
suppress attachment of foulants; while PNIPAAm was selected for its temperature-
responsiveness, which provides a mechanism for membrane cleaning [Wandera et al., 
2011]. Therefore, membrane optimization to achieve adequate protection to the 
underlying substrate to prevent fouling and a high instantaneous permeate flux should 
consider both PPEGMA and PNIPAAm layer thicknesses separately.  
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Figure 3.15 Direct-flow model  produced water flux at 210 kPa and 45 °C for an 
unmodified 5 kDa Hydrosart membrane and 5kDa Hydrosart membranes modified by 
surface-initiated ATRP of PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 
100/1/0.2/2.4) for 1.0 h, and then PPEGMA (PEGMA (0.1 M)/Cu(I)/Cu(II)/bipy: 
200/1/0.2/2.4) for 1.5 and 6.0 h.  
Overall, this section shows that separately varying the polymerization time of 
PNIPAAm and PPEGMA at constant initiator grafting density changes the average 
molecular weight of PNIPAAm and PPEGMA chains grafted from the membrane 
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surface, and this affects membrane permeability. Decreasing polymerization time at 
constant initiator grafting density reduces the average molecular weight of polymer 
chains grafted from the membrane surface, which minimizes the decline in water flux 
post modification. Longer polymerization time yielded membranes with stable flux, while 
shorter polymerization time improved but did not completely eliminate flux decline. The 
trade-off for the stable flux at longer polymerization time is lower instantaneous flux. 
Hence, my protocol allows me to optimize membrane performance by finding the 
individual block layer thicknesses that give acceptable combinations of flux decline and 
instantaneous permeate flux. 
 
3.4 Conclusions 
I have reported a protocol to develop advanced membranes for produced water 
treatment through modification of low molecular weight cut-off regenerated cellulose 
ultrafiltration membranes with PNIPAAm-b-PPEGMA nanolayers. Higher initiator 
densities and longer polymerization times yielded membranes with stable flux, while 
lower densities and shorter polymerization times slowed the rate of flux decline but did 
not eliminate it. The trade-off for the stable flux was lower instantaneous flux. This trade-
off is acceptable since the cumulative volume of impaired water that can be treated prior 
to cleaning is higher for the modified membranes.  
Many successful prior efforts to create antifouling polymer coatings have focused 
largely on tailoring polymer chemistries. My results show that, beyond the chemistry of 
the coating, its structural properties, especially polymer grafting density and block 
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nanolayer thicknesses, play an important role in determining its effectiveness. My 
membrane surface modification protocol allows us to tailor these structural properties 
independently, in ways not achievable by standard coating methods, to produce 
membranes with an optimized combination of high enough instantaneous permeate flux 
and low enough rate of flux decline. I used this protocol to design highly advanced 
membranes to separate emulsified oils from produced water. 
 
Acknowledgements 
Funding for this work was provided by the National Science Foundation under 
award CBET 0651646. I thank Henning Radtke, a summer intern from the University of 
Würzburg who was supported by the German Academic Exchange Service (DAAD) 
under the Rise in North America program for help with the initiator grafting density 
study.  I thank Heath Himstedt of the Department of Chemical and Biological 
Engineering, Colorado State University who conducted all filtration measurements with 
actual produced water. I acknowledge the Jordan Hall Imaging Facility, Department of 
Biological Sciences, Clemson University, for use of the Nikon confocal scanning laser 
microscope during this work. I thank Dr. Terri Bruce and Milagro Marroquin for 
assistance with the CLSM experiments. I thank Dr. Gabriel Tkacik of EMD Millipore for 
providing ultrafiltration membranes. 
 
 
 143 
2.5 References 
Bhattacharyya, D., Jumawan, A.B., Grieves, R.B., Harris, L.R., Ultrafiltration 
characteristics of oil-detergent-water systems: membrane fouling mechanisms. Sep. Sci. 
Technol. 14 (1979) 529–549. 
Bhut, B.V., Wickramasinghe, S.R., Husson, S.M., Preparation of high-capacity, weak 
anion-exchange membranes for protein separations using surface-initiated atom transfer 
radical polymerization, J. Membr. Sci. 325 (2008) 176–183.  
Bhut, B.V., Husson, S.M., Dramatic performance improvement of weak anion-exchange 
membranes for chromatographic bioseparations, J. Membr. Sci. 337 (2009) 215–223. 
Bhut, B.V., Weaver, J., Carter, A.R., Wickramasinghe, S.R., Husson, S.M., The role of 
polymer nanolayer architecture on the separation performance of anion-exchange 
membrane adsorbers. Part I: Protein separations. Biotechnol. Bioeng. 108 (2011a) 2645–
2653. 
Bhut, B.V., Weaver, J., Carter, A.R., Wickramasinghe, S.R., Husson, S.M., The role of 
polymer nanolayer architecture on the separation performance of anion-exchange 
membrane adsorbers. Part II: DNA and Virus Separations. Biotechnol. Bioeng. 108 
(2011b) 2654–2660. 
Bhut, B.V., Conrad, K., Husson, S.M., Preparation of high-performance membrane 
adsorbers by surface-initiated AGET ATRP in the presence of dissolved oxygen and low 
catalyst concentration, J. Membr. Sci. 390-391 (2012) 43–47. 
Biesalski, M., Ruhe, J., Scaling laws for the swelling of neutral and charged polymer 
brushes in good solvents, Macromolecules 35 (2002) 499–507. 
 144 
Coessens, V., Pyun, J., Miller, P.J., Gaynor, S.G., Matyjaszewski, K., Functionalization 
of polymers prepared by ATRP using radical addition reactions, Macromol. Rapid 
Comm. 21 (2000) 103–109. 
Fluorescein, Oregon Green and Rhodamine Green Dyes. 
http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-
Handbook/Fluorophores-and-Their-Amine-Reactive-Derivatives/Fluorescein-Oregon-
Green-and-Rhodamine-Green-Dyes.html (accessed May 08, 2012). 
Halperin, A., Polymer brushes that resist adsorption of model proteins: Design 
Parameters, Langmuir 15 (1999) 2525–2533. 
Hong, S.U., Malaisamy, R., Bruening, M. L., Separation of fluoride from other 
monovalent anions using multilayer polyelectrolyte nanofiltration membranes, Langmuir 
23 (2007) 1716–1722. 
Jin, W., Toutianoush, A., Tieke, B., Use of polyelectrolyte layer-by-layer assemblies as 
nanofiltration and reverse osmosis membranes, Langmuir 19 (2003) 2550–2553. 
Koltuniewicz, A.B., Field, R.W., Arnot, T.C., Cross-flow and dead-end microfiltration of 
oily-water emulsion. Part I: Experimental study and analysis of flux decline, J. Membr. 
Sci. 102 (1995) 193–207. 
Lee, S., Aurelle, Y., Roques, H., Concentration polarization, membrane fouling and 
cleaning in ultrafiltration of soluble oil. J. Membr. Sci. 19 (1984) 23–28. 
Lipp, P., Lee, C.H., Fane, A.G., Fell, C.J.D., A fundamental study of the ultrafiltration of 
oil-water emulsions. J. Membr. Sci. 36 (1988) 161–177. 
 145 
Louie, S., Pinnau, I., Ciobanu, I., Ishida, K.P., Ng, A., Reinhard, M., Effects of 
polyether–polyamide block copolymer coating on performance and fouling of reverse 
osmosis membranes, J. Membr. Sci. 280 (2006) 762–770. 
Malaisamy, R., Talla-Nwafo, A., Jones, K.L., Polyelectrolyte modification of 
nanofiltration membrane for selective removal of monovalent anions. Sep. Purif. 
Technol. 77 (2011) 367–374. 
Malmsten, M., Emoto, K., Van Alstine, J.M., Effect of chain density on inhibition of 
protein adsorption by poly(ethylene glycol) based coatings, J. Colloid Interface Sci. 202 
(1998) 507–517. 
Marroquin, M., Bruce, T., Pellegrino, J., Wickramasinghe, S.R., Husson, S.M., 
Characterization of asymmetry in microporous membranes by cross-sectional confocal 
laser scanning microscopy, J. Membr. Sci. 379 (2011) 504–515. 
McPherson, T., Kidane, A., Szleifer, I., Park, K., Prevention of protein adsorption by 
tethered poly(ethylene oxide) layers: Experiments and single-chain mean-field analysis, 
Langmuir 1998 (1998) 176–186. 
Mueller, J., Cen, Y., Davis R.H., Cross flow microfiltration of oily water, J. Membr. Sci. 
129 (1997) 221–235. 
Sagle, A.C., Van Wagner, E.M., Ju, H., McCloskey, B.D., Freeman, B.D., Sharma, 
M.M., PEG-coated reverse osmosis membranes: Desalination properties and fouling 
resistance, J. Membr. Sci. 340 (2009) 92–108. 
 146 
Samadi, A., Husson, S.M., Liu, Y., Luzinov, I., Kilbey, S.M. II, Low temperature growth 
of thick polystyrene brushes via ATRP, Macromol. Rapid Commun. 26 (2005) 1829–
1834. 
Singh, N., Husson, S.M., Zdyrko, B., Luzinov, I., Surface modification of microporous 
PVDF membranes by ATRP, J.Membr.Sci. 262 (2005) 81–90. 
Singh, N., Chen, Z., Tomer, N., Wickramasinghe, S.R., Soice, N., Husson, S.M., 
Modification of regenerated cellulose ultrafiltration membranes by surface-initiated atom 
transfer radical polymerization, J. Membr. Sci. 311 (2008a) 225–234.  
Singh, N., Wang, J., Ulbricht, M., Wickramasinghe, S.R., Husson, S.M., Surface-initiated 
atom transfer radical polymerization: A new method for preparation of polymeric 
membrane adsorbers. J. Membr. Sci. 309 (2008b) 64–72. 
Sofia, S.J., Premnath, V., Merrill, E.W., Poly(ethylene oxide) grafted to silicon surfaces: 
Grafting density and protein adsorption, Macromolecules 31 (1998) 5059–5070. 
Tomer, N., Mondal, S., Wandera, D., Wickramasinghe, S.R., Husson, S.M., Modification 
of nanofiltration membranes by surface-initiated atom transfer radical polymerization for 
produced water filtration, Sep. Sci.Technol. 44 (2009) 3346–3368. 
Unsworth, L.D., Sheardown, H., Brash, J.L., Protein resistance of surfaces prepared by 
sorption of end-thiolated poly(ethylene glycol) to gold: Effect of surface chain density, 
Langmuir 21 (2005a) 1036–1041. 
 
 
 147 
Unsworth, L.D., Sheardown, H., Brash, J.L., Polyethylene oxide surfaces of variable 
chain density by chemisorption of PEO-thiol on gold: Adsorption of proteins from 
plasma studied by radiolabelling and immunoblotting, Biomaterials 26 (2005b) 5927–
5933. 
Wandera, D., Wickramasinghe, S.R., Husson, S.M., Modification and characterization of 
ultrafiltration membranes for treatment of produced water. J. Membr. Sci. 373 (2011) 
178–188. 
Wang, J., Dismer, F., Hubbuch, J., Ulbricht, M., Detailed analysis of membrane adsorber 
pore structure and protein binding by advanced microscopy, J. Membr. Sci. 320 (2008) 
456–467. 
Wickramasinghe, S.R., Carlson, J.O., Teske, C., Hubbuch, J., Ulbricht, M., 
Characterizing solute binding to macroporous ion exchange membrane adsorbers using 
confocal laser scanning microscopy, J. Membr. Sci. 281 (2006) 609–618. 
 
 
 
 
 
 
 
 
 
 148 
CHAPTER 4 
ASSESSMENT OF FOULING-RESISTANT MEMBRANES FOR ADDITIVE-FREE 
TREATMENT OF HIGHLY IMPAIRED WASTEWATER 
 
4.1 Introduction 
According to the National Renderers Association, animal by-products from the 
slaughter of animals and poultry contributed to the production of an estimated 8.4 million 
metric tons of rendered products in the United States in 2011 [Swisher, 2012]. The 
rendering industry recycled these animal by-products into inedible tallow and grease, 
edible tallow and lard, and processed animal protein meals. While rendering processes 
convert this large mass of inedible materials into marketable products, they also produce 
large volumes of highly impaired industrial wastewater containing significant amounts of 
total suspended solids (TSS), fats, oils and greases, and proteins [Colic, 2006; Sindt, 
2006]. Removing such materials from rendering facility wastewater results in a more 
efficient recycling process and helps to comply with regulatory agencies.  
The type and degree of rendering wastewater treatment required depends on 
where the plant discharges its effluent and how strict local agencies are regarding the 
levels of contaminants in wastewater that can be discharged into the environment. If a 
plant discharges its wastewater to the local city sewer and publicly owned treatment 
works, removal of fats, oils, greases, and some TSS is often sufficient [Colic, 2006; 
Sindt, 2006]. On the other hand, if a plant discharges directly into a river, stream, or other 
surface water body, then most contaminants have to be removed, and a National Pollutant  
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Discharge Elimination System permit is needed [Colic, 2006; Sindt, 2006]. A third 
alternative is to discharge wastewater in large lagoons. However, no matter where 
rendering wastewater is discharged, new regulations encourage primary treatment to 
reduce the amount of TSS, fats, oils, greases, and biological oxygen demand 
(BOD)/chemical oxygen demand (COD) in the effluent. This step helps to reduce odor 
problems and significantly reduces potential fees and fines from regulatory agencies.  
Rendering wastewater presents many challenges to the classical primary treatment 
technologies and flotation systems. Rendering wastewater contains high levels of 
contaminants, up to 500 times higher than typical municipal or industrial wastewater 
influents. Depending on what is processed, the influent to the rendering facility 
wastewater treatment system can change hourly, daily, or weekly. The space available for 
the wastewater treatment system is often limited. Wastewater treatment produces large 
volumes of sludge with low solids content that have to be dewatered before recycling of 
fats, oils, greases or proteins is possible. The cost of coagulants and flocculants needed 
for primary treatment can be high. 
Screening, settling and dissolved air flotation (DAF) are the most commonly used 
technologies for primary treatment of rendering facility wastewater. DAF is the most 
popular technology [Johns, 1995; O‘Brien et al., 2005]. In DAF, a stream of wastewater 
is saturated with air at elevated pressures. Bubbles are formed by a reduction in pressure 
as the pre-saturated water is forced to flow through needle valves or specific orifices. 
Small bubbles form and attach to solids in the wastewater, which are carried to the 
surface and removed by skimming. Oftentimes, chemicals are added to the wastewater to 
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adjust the pH and improve flocculation of the solids to increase the removal efficiency of 
the DAF system. Common additives include aluminum sulfate, soda ash, and cationic 
polyelectrolyte [Al-Mutairi et al., 2004]. The small bubbles rise slowly to the surface of 
the tank, and their long residence time requires large dimension DAF tanks. Air solubility 
also limits the amount of dissolved gas and thus bubble availability. Furthermore, to 
avoid clogging of orifices, only a small fraction of water is pretreated, aerated, and then 
recycled into the tank where bubbles nucleate under preformed flocs. Therefore, the 
number density of bubbles is limited and treatment of wastewater with a high content of 
fats, oils, greases and TSS is highly inefficient. These limitations of DAF provide 
opportunities for developing alternate methods to treat rendering facility wastewater.  
Membrane technology is an economically competitive alternative or addition to 
traditional wastewater treatment technologies in a number of industries. Unlike other 
physical/chemical wastewater treatment operations, membrane separators provide a 
positive barrier to reject solids present in wastewater streams [Cheryan and Rajagopalan 
1998]. Thus, membrane separations can be conducted without addition of the chemicals 
used in DAF. Furthermore, membrane units can operate on a variable concentration waste 
stream. Thus, modest fluctuations in the feed concentration, a common feature of 
rendering facility wastewater, will not require process adjustments. Eliminating chemical 
agents for pH adjustment and polymer coagulation agents for solids flocculation is 
expected to provide economic benefit by reducing operating costs.  
Although membranes can treat wastewaters with high solids loading, their use is 
hindered by a decline in permeate flux experienced as a result of fouling. The flux decline 
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is due to the accumulation of rejected dissolved solids, suspended solids and other 
components on the membrane surface. One pertinent example is O‘Brien et al. [2005] 
who used a 0.2 µm pore sized UF membrane as part of a membrane bioreactor system to 
treat rendering plant wastewater. The UF membrane used hydrostatic pressure differences 
as the driving force for separation of water and small molecules from macromolecules, 
colloids and proteins via sieving. Routine membrane cleaning was required as the 
membrane was susceptible to fouling. Fouling of conventional membranes can be 
irreversible or resistant to cleaning, hence making the original flux unrecoverable [Hilal 
et al., 2005; Peng and Tremblay, 2008].  
Our group has developed a special procedure to modify the surface of filtration 
membranes to improve their resistance to fouling during the treatment of impaired waters 
and to allow them to be cleaned by a chemical-free water rinse step [Tomer et al., 2009, 
Wandera et al., 2011, 2012]. The strategy is to tailor membrane surface chemistry by 
grafting block copolymers comprising polymers known to provide fouling resistance 
(poly(ethylene glycol)) (PEGMA)) and temperature-responsiveness (poly(N-
isopropylacrylamide) (PNIPPAm)). Polymer grafting from the membrane surface 
provides an additional resistance to flow, but, in return, it is possible to decrease the rate 
of flux decline and reverse foulant accumulation using a chemical-free wash step or mild 
chemical cleaning. Limiting fouling during the filtration of rendering wastewater will 
reduce energy costs associated with pumping since, with low degrees of fouling, the 
transmembrane pressure to maintain constant flux (volume/area time) will stay constant. 
Providing a mechanism for chemical-free or mild chemical cleaning will increase 
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membrane lifetime because the harsh chemicals used to restore flux in more conventional 
membranes degrade the membrane material over time. Combined, the costs associated 
with membrane replacement, energy, and cleaning solutions comprise roughly 50% of 
total operational cost of an ultrafiltration plant. Reductions in these costs are expected to 
have significant economic benefits in addition to those gained by elimination of chemical 
additives used in conventional treatment methods like DAF. 
The objectives of this study were to test the performance of our advanced, 
fouling-resistant and cleanable membranes using highly impaired waters provided by a 
rendering facility, to characterize the membrane surface pre- and post-filtration to 
determine the extent of fouling, and to evaluate the use of a cold water rinse to clean 
the fouled membranes. Cross-flow membrane filtration experiments using wastewater 
provided by Carolina By-Products/ Valley Proteins, Inc. were carried out, and membrane 
performance was evaluated by measuring productivity (i.e., the volumetric filtrate flux), 
capacity (i.e., the total volume processed per unit membrane area before the membrane 
must be cleaned), and effluent water quality (COD, turbidity, total dissolved solids 
(TDS), total solids (TS), and pH). Membrane fouling was detected using scanning 
electron microscopy (SEM) and attenuated total reflection Fourier-transform infrared 
spectroscopy (ATR-FTIR). Cleaning involved membrane relaxation (where filtration 
was paused) followed by a cold water rinse. 
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4.2 Materials and methods 
4.2.1 Materials 
Commercial, M-series GE Septa
™
 cross-flow UltraFilic ultrafiltration (UF) 
membranes with a nominal molecular weight cut-off (MWCO) of 100 kDa were 
purchased from GE Osmonics, Inc. (Minnetonka, MN). To avoid fouling, M-series 
UltraFilic membranes are engineered to be extremely hydrophilic with a water contact 
angle of 4° [Hodgins and Samuelson, 1990; Nicolaisen, 2002].  Another set of 
commercial, UF cellulose acetate (CA) membranes were provided by Hydration 
Technology Innovations (HTI), LLC (Albany, OR). 
The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO) 
and used as received, unless stated otherwise: 2,2´-bipyridyl (bipy, >99%), 2-
bromoisobutyryl bromide (2-BIB, 98%), copper(I) chloride (CuCl, >99.995%), copper(II) 
chloride (CuCl2, 99.99%), neutral aluminum oxide (~150 mesh, 58 Ǻ), tris(2-
dimethylaminoethyl)amine (Me6TREN, >98%, ATRP Solutions, Inc., Pittsburgh, PA). 
COD digestion vials (high range, 20–1500 mg/L) were purchased from Hach Company 
(Loveland, CO).  The vials contained mercuric sulfate, chromic acid, silver sulfate, 
sulfuric acid and deionized water. N-hexane, methanol and water were purchased as 
HPLC grade solvents from Fisher Scientific (Fair Lawn, NJ). Sodium hydroxide (NaOH, 
anhydrous, >97%) was purchased from Alfa Aesar (Ward Hill, MA). 
Poly(ethylene glycol) methacrylate (PEGMA) macromonomer (Mn ≈ 360 g/mol) 
containing monomethyl ether hydroquinone (650 ppm) inhibitor was purchased from 
Sigma-Aldrich. The inhibitor was removed before use by passing the PEGMA through a 
 154 
column of neutral aluminum oxide. N-isopropylacrylamide (NIPAAm, 97%) was 
purchased from Sigma-Aldrich and purified prior to use by dissolving it in benzene 
(>99.5%, Sigma-Aldrich), and then re-crystallizing it from n-hexane.  
4.2.1.1 Rendering facility wastewater 
Polyacrylamide-free wastewater was collected from Carolina By-Products/Valley 
Proteins, Inc. in Ward, SC. The wastewater was stored in plastic containers at ~ 2 °C until 
filtration. Wastewater samples were stored for a maximum time of 6 weeks. Due to 
changes in weather conditions and differences in the animal by-products processed by the 
plant, the properties of the wastewater varied greatly depending on the time of the year or 
even just the day of the week. Indeed, one of the difficulties of treating rendering 
wastewater using conventional, non-membrane treatment methods is that its properties 
tend to fluctuate hourly, daily, or weekly. Table 4.1 shows the characteristics of three 
different wastewater samples (I, II, III) collected from the plant on three different 
occasions. 
Table 4.1 Properties of different samples of rendering facility wastewater 
Water Sample I II III 
pH 5.20 5.25 5.46 
TDS (mg/L) 1750 3460 1830 
Total Solids (mg/L) 11000 35000 47000 
COD (mg/L) 29000 ± 80 42000 ± 100 97000 ± 1800 
Turbidity (NTU) 650 >1000 >1000 
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4.2.2 Membrane modification 
The CA membranes were immersed in methanol for 15 min to remove any 
structural preservatives and then rinsed thoroughly with HPLC water to remove 
methanol. These membranes were hydrolyzed in 0.10 M aqueous NaOH solution to 
obtain regenerated cellulose membranes. Each 19 cm × 14 cm membrane was immersed 
in 150 ml of the 0.10 M aqueous NaOH solution at 25 °C. Hydrolysis time was used as a 
variable to study the degree of hydrolysis (DH) (i.e., the degree of conversion of acetate 
groups to hydroxyl groups). At the end of the desired hydrolysis time, the membranes 
were removed from the NaOH solution and washed thoroughly with HPLC water. The 
hydrolyzed CA membranes were activated by 5.0 mM 2-BIB and then modified further 
by surface-initiated ATRP of PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 
100/1/0.2/2.4) for 1 h and then PPEGMA (PEGMA (0.1 M)/Cu(I)/Cu(II)/bipy: 
200/1/0.2/2.4) for 3 h, as described in Chapters 2 and 3.  
GE UltraFilic membranes are polyacrylonitrile (PAN)-based membranes that have 
been highly hydrophilized through treatment with a solution containing uncharged, 
hydrophilic substituted amide groups [Hodgins and Samuelson, 1990]. An FTIR 
spectrum of the membrane (vide infra) suggests the presence of a large number of 
hydroxyl groups that can be utilized for surface modification. Thus, the membranes were 
activated by reaction of the hydroxyl groups with 1.0 mM 2-BIB and then modified 
further by surface-initiated ATRP of PNIPAAm (NIPAAm (0.05 
M)/Cu(I)/Cu(II)/Me6TREN: 100/1/0.2/2.4) for 1 h and then PPEGMA (PEGMA (0.1 
M)/Cu(I)/Cu(II)/bipy: 200/1/0.2/2.4) for 3 h, as detailed in Chapters 2 and 3. 
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4.2.3 Membrane filtration  
Cross-flow (CF) membrane filtration experiments using unmodified and modified 
membranes were carried out using polyacrylamide-free wastewater collected from 
Carolina By-Products/Valley Proteins, Inc. to measure productivity and capacity of the 
membranes. Measurements were done using a Septa
®
 CF II medium/high foulant 
membrane cell system (GE Osmonics, Minnetonka, MN). The membrane cell system 
accommodates a 19 cm × 14 cm flat sheet membrane and presents an effective membrane 
test area of 140 cm
2
. The wastewater was circulated using a Hydra-Cell pump (Wanner 
Engineering, Inc., Minneapolis, MN). The feed container was a 5 gallon B268 high 
density polyethylene tank (12 ¼ inch (L) × 12 ¼ inch (W) × 8 ¼ inch (H)) that was 
purchased from Ronco Plastics (Tustin, CA). It was customized with one ½ inch National 
Thread Pipe (NPT) opening at the bottom, two ⅜ inch NPT openings at the top of one 
side face, and one 2 inch NPT vent with a cap on the top face. Experiments were carried 
out using a transmembrane pressure (TMP) selected depending on the membrane that was 
being tested to achieve high productivity and to limit membrane fouling. Permeate flux 
(volume of treated water per unit membrane area per time) values were calculated from 
the permeate volumes collected at different times. Water recovery (percentage of feed 
recovered as permeate) for the flux measurements was in the range of 0.0004–0.0054%. 
Membrane cleaning to detach accumulated foulants was initiated when the flux 
reached a defined lower limit. Cleaning involved membrane relaxation (where filtration 
was paused for 30 min) followed by a cold water rinse step. Filtration with rendering 
wastewater was repeated after the cleaning to determine the percentage recovery of the 
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original permeate flux achieved by the membrane cleaning step and, hence, evaluate the 
effectiveness of the cleaning method. 
4.2.4 Membrane physicochemical characterization 
4.2.4.1 ATR-FTIR 
Attenuated total-reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 
was used to characterize surface chemical properties of the pristine, hydrolyzed, 
PNIPAAm-modified and PNIPAAm-b-PPEGMA-modified membranes. The ATR-FTIR 
technique was used also to characterize surface chemical properties of the membranes 
before and after filtration, as well as membranes after filtration and cleaning. These 
measurements were done to detect membrane fouling and the degree to which cleaning 
removed organic foulants. Spectra were obtained using a Thermo-Nicolet Magna 550 
FTIR spectrometer (Thermo Fisher Technologies Inc., Fair Lawn, NJ) equipped with a 
diamond ATR accessory. Measurements were done according to a procedure detailed 
elsewhere [Singh et al., 2005]. 
4.2.4.1 SEM 
Scanning electron microscopy (SEM) was used to provide information on the 
surface pore morphologies of the unmodified and modified membranes. To study 
membrane fouling, SEM was utilized to ―visualize‖ membrane surfaces, both unmodified 
and modified, before and after filtration, as well as membranes after filtration and 
cleaning. Images were obtained using a variable-pressure Hitachi FE-SEM SU 6600 
(Hitachi High Technologies America, Inc., Schaumburg, IL). Representative 0.5 cm
2 
samples of the membranes were attached with carbon tape to aluminum stabs prior to the 
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SEM measurements. The SEM measurements were performed at an accelerating voltage 
of 20 kV and magnifications of 2000x and 5000x. 
4.2.5 Water quality analysis 
4.2.5.1 pH and TDS 
The pH and total dissolved solids (TDS) concentration of the feed and permeate 
were measured using a multiple parameter SympHony
TM
 meter (VWR International, 
LLC, Radnor, PA). The meter was calibrated using standard solutions with known pH 
values (catalog numbers 1493-32, 1500-16, 1550-16, 1600-16, 1615-16) or salt 
concentrations (catalog numbers 2236.10-32, 2244.50-32, 2241-32) purchased from 
Ricca Chemical Company (Arlington, TX). 
4.2.5.2 COD 
Chemical oxygen demand (COD) of a sample is a measure of the moles of a 
specific oxidant that reacts with the sample under controlled conditions. Dichromate ion 
(Cr2O7
2-
) is the specific oxidant used in most methods because of its unique chemical 
properties. The COD of the feed and permeate were measured using the closed-reflux, 
colorimetric method.  In principle, when a sample is digested, the dichromate ion 
oxidizes COD material in the sample and this reaction reduces chromium from its 
hexavalent (VI) state to the trivalent (III) state. Both of these chromium species are 
colored and absorb in the visible region of the spectrum. Thus, measurements of color 
change can be used to determine the COD content of a sample. 
Water samples were diluted up to 100 times using DI water since the COD 
digestion solution vials used can only detect COD in the range of 20–1500 mg/L and yet 
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we predicted that both the rendering wastewater and permeate had higher COD values. 
Diluted water samples (2 mL) were analyzed for COD by micropipetting into the COD 
digestion solution vials, sealing the vials, and mixing the contents by shaking the vials 
thoroughly by hand for 30 s. Digestion was done by placing the sealed vials in the wells 
of a Model 45600 COD Reactor (Hach Company, Loveland, CO), and heating them at 
150 °C for 2 h. Samples were allowed to cool slowly by allowing them to stand in the 
wells of the reactor for at least 3 h to avoid precipitate formation. Once the wells of the 
reactor had cooled to room temperature (ca. 20–25 °C), the vials were removed and their 
contents were mixed  by shaking thoroughly by hand for 30 s to combine condensed 
water and clear insoluble matter from the walls of the vials. The suspended matter was 
left to settle for at least 30 min to ensure a clear optical path through the vials. All 
measurements were done in triplicate.  Absorbance of the vial contents was measured at 
600 nm using a Spectronic 20D Spectrometer (Milton Roy, Ivyland, PA). COD was 
determined from a standard calibration plot that was prepared using standardized COD 
solutions (catalog number 22539-29, Hach Company, Loveland, CO). 
4.2.5.3 Total Solids 
Total solids in a sample refer to the material residue left in the vessel after 
evaporation of the sample and its subsequent drying in an oven at a defined temperature 
and atmospheric pressure. Total solids include total suspended solids (TSS), which are 
the solids retained by a specified filter, and total dissolved solids (TDS), which are the 
solids that pass through the filter. The measurement principle involves evaporating a 
known volume of well-mixed sample in a weighed dish and drying it to a constant weight 
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in an oven at 103 to 105 °C and atmospheric pressure. The increase in weight over that of 
the empty dish divided by the sample volume represents the total solids content. 
A clean aluminum foil dish was heated at ~105 °C and atmospheric pressure for 1 
h, and then cooled and stored in a desiccator filled with Drierite (anhydrous calcium 
sulfate) purchased from W. A. Hammond Company Ltd. (Xenia, OH) until needed for 
measurement. The dish was weighed immediately before use. Five milliliters of well-
mixed sample were pipetted into the preweighed dish. The sample was evaporated to 
dryness in an oven at ~105 °C for 24 h to ensure a constant dry weight, cooled in the 
dessicator and then weighed. Total solids content was calculated using Equation 4.1.  
(A B) 1 000
Total solids  (mg / L)  
5,  mL
                                                                        (4.1) 
where A is the mass of the dish plus dried residue (mg) and B is the mass of the dish only 
(mg).  
4.2.5.4 Turbidity 
Turbidity was measured using a MICRO 100 Laboratory Turbidimeter (HF 
Scientific, Fort Myers, FL). This turbidimeter has been designed for simple and quick 
measurement of turbidity. The MICRO 100 measures and records the turbidity of a 
sample in nephelometric turbidity units (NTU) and it has a measurement range of 0–1000 
NTU. The meter was calibrated using a calibration kit containing TOC standards (catalog 
number 39957, HF Scientific, Fort Myers, FL) 
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4.3 Results and discussion 
Husson and coworkers have designed advanced anti-fouling and self-cleaning 
membranes for treatment of oily ‗produced‘ waters using surface-initiated ATRP from 
commercial thin-film polyamide nanofiltration membranes [Tomer et al., 2009] and 
regenerated cellulose UF membranes [Wandera et al., 2011; 2012]. Membranes were 
fabricated by grafting bi-functional block copolymer (PNIPAAm-b-PPEGMA) 
nanolayers from the membrane surfaces. These membranes were shown to be effective at 
separating emulsified oils from large volumes of oily water at high flux.   
In the current work, the performance of these membranes for treatment of 
wastewaters generated in rendering facilities was evaluated and compared to performance 
of commercial UF membranes designed for wastewater treatment. Specifically, we 
measured the productivity and capacity of our modified membranes and commercial UF 
membranes using impaired waters provided by Carolina By-Products/Valley Proteins, 
Inc. Other aspects of this work involved characterizing the membrane surfaces pre- and 
post-filtration to determine the extent of fouling, and evaluating membrane cleaning 
protocols. 
4.3.1 Membrane modification and characterization 
The first step to modify CA membranes involved hydrolysis using aqueous 
NaOH to generate hydroxyl groups that could be activated for surface-initiated ATRP 
of PNIPAAm-b-PPEGMA. Figure 4.1 shows the ATR-FTIR spectra of the CA 
membranes before and after hydrolysis. Spectrum A represents a pristine CA 
membrane.  Spectra B, C, D, E, and F represent CA membranes hydrolyzed in aqueous 
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NaOH for 1 to 5 h. On hydrolysis, peaks at 1740 and 1220 cm
-1
 that are characteristic 
of the stretching vibration of the C=O bond and the stretching and bending modes of 
the C–O  single bond, respectively, decreased in intensity, while the broad peak 
centered at 3400 cm
-1
 characteristic of intra- and intermolecular hydrogen bonding by 
O–H groups increased.  
 
 
Figure 4.1 ATR-FTIR spectra for a pristine cellulose acetate membrane (A), and 
membranes hydrolyzed with 0.1 M aqueous NaOH for 1 h (B), 2 h (C), 3 h (D), 4 h (E), 
and 5 h (F). 
The change in intensity of the peak at 1740 cm
-1
 was used to estimate the degree of 
hydrolysis (DH) with time using Equation 4.2, which was presented previously by Luo 
et al. [2003], 
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 1740 1640 t
1740 1640 0
A / A
DH 1
A / A
( )
( )
                                                                                               (4.2) 
where A1740 and A1640 represent the absorption intensities (in absorbance units) at 1740 
and 1640 cm
-1
, respectively. Subscripts 0 and t represent the initial time and hydrolysis 
time, respectively. The intensity of the peak at 1640 cm
-1
 did not change with increasing 
hydrolysis time so it was used as the reference. Figure 4.2 shows the dependence of DH 
on hydrolysis time during reaction of CA membranes with 0.1 M aqueous NaOH 
solution. The DH increases steadily with hydrolysis time for approximately the first 2 h 
and then levels off. According to Chen et al. [2002], CA is known to have to both 
crystalline and non-crystalline regions. Crystalline regions account for roughly 20–25% 
of CA, which leaves roughly 75–80% amorphous CA. Since crystalline regions of CA are 
more resistant to hydrolysis, it is not surprising that the rate of hydrolysis slowed 
substantially after reaching a DH of 75% at 3 h. At this point, most of the amorphous CA 
available for reaction has been hydrolyzed, leaving crystalline CA that is slow to 
hydrolyze. 
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Figure 4.2 Dependence of degree of hydrolysis of cellulose acetate membranes on 
hydrolysis time during reaction with 0.1 M aqueous NaOH solution. Four DH values 
were estimated at each hydrolysis time and symbols in the figure represent the average of 
those values. The error bars represent the standard errors of the average of those values.    
A CA membrane that had been hydrolyzed for 1 h giving a DH of 44 ± 4% was 
activated by 5.0 mM 2-BIB and then modified further by surface-initiated ATRP of 
PNIPAAm (NIPAAm (0.05 M)/Cu(I)/Cu(II)/Me6TREN: 100/1/0.2/2.4) for 1 h and then 
PPEGMA (PEGMA (0.1 M)/Cu(I)/Cu(II)/bipy: 200/1/0.2/2.4) for 3 h, as described in 
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Chapters 2 and 3. Figure 4.3 shows the ATR-FTIR spectra of the hydrolyzed CA 
membrane (A, bottom), the hydrolyzed CA membrane following PNIPAAm 
modification (B, middle), and the hydrolyzed CA membrane following PNIPAAm-b-
PPEGMA modification (C, top). Following polymerization, increases in intensity of 
peaks at 1640 and 1544 cm
-1 
are characteristic of amide carbonyl groups and N-H 
bending of PNIPAAm. Peaks in the range 1370–1430 cm-1 also increased and these are 
assigned to symmetrical and asymmetrical deformation bands associated with the 
isopropyl group in PNIPAAm. There was a slight increase in the peak at 1740 cm
-1
, 
which is attributed to the carbonyl group in the methacrylate backbone of PPEGMA. 
 
Figure 4.3 ATR-FTIR spectra for (A, bottom) cellulose acetate membrane following 1 
h hydrolysis, (B, middle) hydrolyzed cellulose acetate membrane following PNIPAAm 
modification, and (C, bottom) hydrolyzed cellulose acetate membrane following 
PNIPAAm-b-PPEGMA modification. 
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GE UltraFilic membranes are engineered to be highly hydrophilic [Hodgins and 
Samuelson, 1990; Nicolaisen, 2002]. Inspection of Figure 4.4 spectrum A (bottom) for 
the unmodified membrane shows a broad peak centered at 3400 cm
-1
, which can be 
assigned to hydroxyl groups participating in both inter- and intramolecular hydrogen 
bonding [Liang and Marchessault, 1959]. Therefore, it was possible to modify the GE 
UltraFilic membranes by grafting PNIPAAm-b-PPEGMA nanolayers by surface-
initiated ATRP from the hydroxyl groups. Figure 4.4 spectrum B (middle) represents 
the PNIPAAm-modified membrane. Spectrum C (top) represents the PNIPAAm-b-
PPEGMA-modified membrane. Results were similar to those following polymerization 
from CA membranes. Increases in intensity of peaks at 1660 and 1535 cm
-1 
and peaks in 
the range 1370–1450 cm-1 support successful grafting of PNIPAAm. A slight increase in 
the peak at 1735 cm
-1
 supports grafting of PPEGMA.  
Further inspection of spectra A and B of the PNIPAAm-modified and PNIPAAm-
b-PPEGMA modified membranes shows shoulders in the peak at 3400 cm
-1 
associated 
with hydroxyl group hydrogen bonding. According to earlier work by Coleman and 
Moskala [1983], when processing polymers containing hydrogen bonded hydroxyl 
groups (self-associated), there is always sufficient energy to disrupt a significant number 
of hydrogen bonds, yielding a higher concentration of unassociated (free) hydroxyl 
groups, with a peak assignment at 3500 cm
-1
. Therefore, in the case of UltraFilic 
membranes, it appears that surface modification disrupts intermolecular hydrogen bonds 
among hydroxyl groups, yielding some fraction of non-hydrogen bonded hydroxyl 
groups. The observable outcome is a shoulder in the peak assigned to hydroxyl group 
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hydrogen bonding. 
 
Figure 4.4 ATR-FTIR spectra for (A, bottom) unmodified GE UltraFilic membrane, 
(B, middle) GE UltraFilic membrane following PNIPAAm modification, and (C, 
bottom) GE UltraFilic membrane following PNIPAAm-b-PPEGMA modification. 
Figure 4.5 shows SEM images for unmodified and PNIPAAm-b-PPEGMA 
modified UltraFilic membranes.  SEM images (A and C) and (B and D) represent 
membranes at 2000x and 5000x magnification, respectively. There were some changes in 
membrane surface morphology following modification. The changes are more evident at 
higher magnification. Comparison of Figures 4.5 B and D reveals that the pores become 
constricted on modification. A reduction in effective pore sizes is consistent with 
polymer growth from the pores during modification. The effect of pore constriction on 
membrane performance will be discussed later.  
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Figure 4.5 SEM images for (A) unmodified, and (C) PNIPAAm-b-PPEGMA modified 
UltraFilic membranes at 2000x magnification with a scale bar of 20 µm. Images B and D 
are the corresponding membranes at 5000x magnification with a scale bar of 10 µm. 
4.3.2 Membrane performance 
The performance of the membranes was evaluated by measuring their 
productivity and capacity. Measurements were done using cross-flow membrane 
filtration experiments with unmodified and modified membranes. The feed solutions 
were polyacrylamide-free wastewater samples (I, II, and III in Table 4.1) collected from 
 169 
Carolina By-Products/Valley Proteins, Inc. Polyacrylamide is a coagulant used by this 
processing facility to improve efficiency in DAF. Wastewater was collected prior to its 
addition to demonstrate the performance of our membranes without chemical addition. 
Performance metrics that were evaluated include volumetric filtrate flux, the total volume 
of water that was processed per unit membrane area before the membranes had to be 
cleaned, and effluent water quality (COD, turbidity, TDS, TS, and pH). Membrane 
cleaning was carried out when the flux dropped below 10% of the initial flux. This value 
was selected arbitrarily. Intermittent membrane cleaning was necessary in just one set of 
experiments since, in other experiments, the flux never dropped below 10% of the initial 
flux even after several days of filtration.  The goal here was to maximize overall 
productivity by limiting membrane fouling through surface modification. Recognizing 
that fouling is inevitable even with modification, a secondary aim was to decrease the 
frequency and duration of the membrane cleaning steps to achieve maximum possible 
membrane performance. 
Hydrolyzed CA, PNIPAAm-b-PPEGMA-modified CA, unmodified UltraFilic and 
PNIPAAm-b-PPPEGMA-modified UltraFilic membranes were tested using the three 
different rendering wastewater samples and their performance metrics were compared. 
Since the water quality of the three samples was different, comparisons were made 
among membranes that had been treated with the same water sample. Also, the CA and 
UltraFilic membranes used in these experiments had large differences in pore size, which 
disallowed comparisons at constant initial flux. Thus, comparisons were made on results 
obtained using the same type of base membrane. A constant TMP was selected depending 
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on what type of membrane was being test to achieve high productivity and limit fouling. 
Figure 4.6 shows permeate flux measurements (permeate flux versus time) by 
cross-flow ultrafiltration for a CA membrane following 1 h hydrolysis, and a 
hydrolyzed CA membrane that was modified further by grafting PNIPAAm-b-
PPEGMA using surface-initiated ATRP. Filtration was carried out using rendering 
facility wastewater Sample I over a 5 day period at a constant TMP of 280 kPa. Not 
surprisingly, permeate flux at the start of the experiment was much lower for the polymer 
modified membrane than for the hydrolyzed membrane since polymer grafting from the 
membrane surface provides an additional resistance to flow. However, the polymer-
modified membrane maintained a constant permeate flux throughout the 5 day period. 
Even for the hydrolyzed membrane, the initial decline in flux during the first 12 hours is 
typical for cross-flow ultrafiltration. During ultrafiltration, particles that are smaller than 
the membrane pores adsorb to the inner surfaces of the pores leading to internal, adhesive 
fouling that usually is irreversible. Larger macro-particles are rejected and accumulate on 
the membrane surface, leading to cake formation that usually is reversible, nonadhesive 
fouling [Hilal et al., 2005; Taniguchi et al., 2003]. For smaller MWCO membranes 
(MWCO up to 100 kDa), internal pore fouling dominates early in the filtration run but 
there is a rapid transition to cake formation that dominates later in the run. For 
membranes with MWCO greater than 100 kDa, there is a longer period of transition from 
internal pore fouling to cake formation [Taniguchi et al., 2003]. The results in Figure 4.6 
indicate an initial decline in flux caused by the initial internal fouling, followed by a 
stable flux after the transition to cake formation, forgoing the need for intermittent 
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cleaning. A similar finding was observed in our previous work with produced water 
[Wandera et al., 2011, 2012]. 
 
Figure 4.6 Rendering facility wastewater sample I flux measurements by cross-flow 
filtration at a TMP of 280 kPa using a 1 h hydrolyzed CA membrane and a 1 h 
hydrolyzed CA membrane that has been modified further by surface-initiated ATRP of 
PNIPAAm-b-PPEGMA.  
Figure 4.7 shows permeate flux measurements by cross-flow ultrafiltration for 
an unmodified UltraFilic membrane carried out using rendering facility wastewater 
Sample I over a 12-day period at a constant TMP of 70 kPa. Despite a much higher 
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initial permeate flux, this membrane maintained ~ 50% of its initial permeate flux even 
after 12 days of continuous filtration without intermittent cleaning. This result was not 
surprising since UltraFilic membranes are designed to be highly hydrophilic to limit 
membrane fouling. 
 
Figure 4.7 Rendering facility wastewater sample I flux measurements by cross-flow 
filtration at a TMP of 70 kPa using an unmodified UltraFilic membrane.  
The performance of PNIPAAm-b-PPEGMA-modified UltraFilic membranes 
for filtration of rendering facility wastewater was evaluated and compared to 
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unmodified UltraFilic membranes. Figure 4.8 shows rendering facility wastewater 
Sample II flux data (permeate flux versus data) obtained by cross-flow filtration for 
unmodified and modified UltraFilic membranes using a TMP of 140 kPa. The symbols 
represent average values measured for two filtration runs carried out using two 
different membranes. Immediately evident is the severe flux decline compared to 
results in Figure 4.7. There may be two reasons for the difference in flux decline. 
Firstly, wastewater Sample II had a higher solids content and COD than wastewater 
Sample I. Secondly, the TMP was double the value used to collect the initial data 
reported in Figure 4.7. Higher solids content and higher TMP both lead to more rapid 
accumulation of foulant material at the membrane surface, which accelerates fouling. 
While it was observed from SEM images that surface modification of UltraFilic 
membranes led to pore constriction, flux data show that there was an increase in initial 
permeate flux after membrane modification, which is opposite to what should be 
expected. However, PEG is known to have good hydration properties and has been 
used for surface modification of membranes to increase permeate flux [Nie et al., 
2004]. Both membranes showed a similar rate of flux decline. However, the total 
volume of permeate processed through the modified membranes was ~ 26% higher 
than the total permeate that was processed through the unmodified membranes before 
membrane cleaning (after 72 h of operation).  
The permeate recovery of both unmodified and modified UltraFilic membranes 
was determined after a membrane cleaning step that involved membrane relaxation for 
30 min and a cold water rinse. Permeate flux recovery was low for all membranes. 
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Importantly, membrane cleaning was not optimized during these experiments. Several 
studies show that the effectiveness of membrane cleaning depends on the type of 
cleaning solution, its concentration, pH, temperature and ionic strength; while the mass 
transfer of the foulants from the fouling layer to the bulk solution is mainly controlled 
by the cross-flow velocity, cleaning time and temperature [Mohammadi and 
Kazemimoghadam, 2007; Porcelli and Judd, 2010a, 2010b; Salahi et al., 2010; 
Zondervan and Roffel, 2007]. Therefore, all these parameters would have to be 
considered to optimize membrane cleaning.  
The recovered flux value was the same for both membranes, which suggests 
that internal pore fouling played an important role towards flux decline. As explained 
earlier, internal pore fouling dominates early in the filtration run and then transitions to 
cake formation. However, our results suggest that there was delayed transition from 
internal pore fouling to cake formation using the UltraFilic membranes, and, hence, 
internal pore fouling contributed substantially to flux decline. Since internal pore fouling 
is known to be irreversible [Hilal et al., 2005], it explains why we attained the same low 
flux recovery for both modified and unmodified membranes. Our membrane cleaning 
step was only able to remove the cake layer. This conclusion also is consistent with the 
ATR-FTIR data that are discussed later that indicate that some foulant was removed from 
the surface. 
Despite the differences in wastewater quality for samples used to test performance 
of hydrolyzed CA and UltraFilic membranes, it is useful to compare filtration results. The 
initial permeability for the hydrolyzed CA membrane used in Figure 4.6 was ~0.09 
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L/(m
2
.h)/kPa, while the value for the unmodified UltraFilic membrane in Figure 1.8 was 
~1.2 L/(m
2
.h)/kPa. Thus, it can be interpreted that the CA membrane has a much smaller 
effective pore size, which limits the degree of internal fouling. From filtration 
measurements, internal fouling does appear to be more significant for the UltraFilic 
membranes than for the CA membranes. However, going further and comparing the 
permeabilities to commercial membranes, we see that the modified UltraFilic membranes 
have much higher permeabilities (1.9 L/(m²·h)/kPa versus 0.14-0.57 L/(m²·h)/kPa for 
commercial membranes used removal of organics such as GE Septa
TM
, GE Osmonics; 
Liqui-Flux
®
, Membrana GmbH; Dow
TM
, Dow Water Solutions). This suggests that there 
may be benefit to increasing the degree of grafting from the UltraFilic membranes to 
partially fill in the pores, thereby limiting internal fouling, while maintaining competitive 
permeabilities. 
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Figure 4.8 Rendering facility wastewater Sample II flux data obtained by cross-flow 
filtration for unmodified and modified UltraFilic membranes using a TMP 140 kPa. A 
second filtration run was carried out for each of these membranes after a membrane 
cleaning step, indicated by letter R in the legend. 
The membrane surfaces pre- and post-filtration were characterized to determine 
the extent of membrane fouling. Two analytical techniques were used to evaluate the 
effectiveness of our chemical-free cleaning procedure to reverse membrane fouling. 
The ATR-FTIR technique was used to provide information about the chemical nature of 
the foulant species on the membrane surface, while SEM was utilized to ―visualize‖ 
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membrane surfaces to detect fouling. Both of these techniques have been shown to be 
effective in detecting the level of membrane fouling [Loh et al., 2009; Mondal and 
Wickramasinghe, 2008; Tang et al., 2007].  Mondal and Wickramasinghe [2008] 
highlighted the value of using multiple characterization techniques with different depths 
of penetration to properly evaluate membrane fouling. 
Figure 4.9 shows the ATR-FTIR spectra for unmodified UltraFilic membranes. 
Spectrum A (bottom) represents a pristine membrane. Spectrum B (middle) represents 
a membrane after filtration with rendering facility wastewater Sample II but before 
membrane cleaning. Spectrum C (top) represents a membrane following filtration and 
membrane cleaning. Figure 4.10 shows the corresponding ATR-FTIR spectra for 
PNIPAAm-b-PPEGMA-modified UltraFilic membranes. These results show 
significant changes in the chemical nature of the both the unmodified and modified 
membrane surfaces post-filtration, before membrane cleaning. ATR-FTIR is a surface-
sensitive technique. The evanescent wave created by internal reflection of an IR beam 
in an optically dense crystal extends 0.5– 5 µm (depending on the wavenumber) 
beyond the crystal surface and into the sample [Perkin Elmer, 2005]. Also, the 
evanescent wave decays exponentially with distance into the sample. Therefore, the 
peaks associated with the base membranes diminish in intensity as the membranes 
become fouled. If the foulant layer thickness exceeds the penetration depth of the 
evanescent wave, then the peaks associated with the membrane disappear, as in 
Spectrum B of Figures 4.9 and 4.10.  Protein fouling was detected by Amide I and II 
peaks at 1560 and 1440 cm
-1 
that remained in the fouled membrane spectra. So it can 
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be said that some amount of the foulant material was protein and that the thickness of 
the foulant layer exceeded the penetration depth of the evanescent wave.  Spectra of 
the cleaned membranes (C) showed that our cleaning protocol was successful in 
restoring both the unmodified and modified membrane surface to their original surface 
chemical nature since all the peaks associated with each of the membranes reappeared. 
Recall, however, that flux measurements showed significant membrane fouling and 
low percentages of initial flux recovery for both the unmodified and modified 
UltraFilic membranes.  
 
Figure 4.9 ATR-FTIR spectra for (Spectrum A, bottom) pristine UltraFilic membrane, 
(Spectrum B, middle) unmodified UltraFilic membrane after filtration with rendering 
facility wastewater sample II but before membrane cleaning, and (Spectrum C, top) 
after a membrane cleaning step. 
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The ATR-FTIR spectra support our idea that flux decline in this membrane system was 
dominated by internal pore fouling. The membrane cleaning step was partially 
effective in removing the reversible foulant cake layer formed on the membrane 
surface, but it was not effective in dealing with the irreversible internal pore fouling. 
Removing some portion of the cake layer increased the intensity of the peaks 
associated with the base membrane surfaces.  
 
Figure 4.10 ATR-FTIR spectra for (Spectrum A, bottom) PNIPAAm-b-PPEGMA 
modified UltraFilic membrane, (Spectrum B, middle) modified membrane after 
filtration with rendering facility wastewater sample II but before membrane cleaning, 
and (Spectrum C, top) after membrane cleaning. 
Figure 4.11 shows the SEM images for unmodified (A–C) and PNIPAAm-b-
PPEGMA-modified (D–F) UltraFilic membranes pre-filtration, after filtration with 
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rendering facility wastewater Sample II but before membrane cleaning, and after 
membrane cleaning. All images show membranes at 2000x magnification. Comparison of 
images for unmodified and modified membranes indicated that filtration with rendering 
facility wastewater led to significant fouling. Even after membrane cleaning, significant 
fouling was still observed. FTIR spectra showed that some fraction of the cake layer 
was removed by cleaning, based on the reappearance of membrane peaks. SEM 
images, however, show that not the entire cake layer was removed.  This further 
supports the argument for a targeted future study to optimize the membrane cleaning 
protocol. 
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Figure 4.11 SEM images for (image A) unmodified UltraFilic membrane, (image B) 
unmodified UltraFilic membrane following filtration with rendering facility 
wastewater sample II but before membrane cleaning, and (image C) after membrane 
cleaning at 2000x magnification. Images (D–F) are the corresponding images for 
modified UltraFilic membranes. Scale bar is 20 µm in all images. 
Table 4.2 shows data from the permeate quality measurements after filtration of 
rendering facility wastewater using hydrolyzed CA, PNIPAAm-b-PPEGMA-modified 
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CA, unmodified UltraFilic and PNIPAAm-b-PPEGMA-modified UltraFilic 
membranes. CA membranes were used for filtration of wastewater Sample I, while 
UltraFilic membranes were used for filtration of wastewater Sample II. For all 
membranes, there were minimal changes in the pH and TDS by treatment, but we 
observed substantial reduction in turbidity and COD. The turbidity was reduced by 
nearly 100% for all the membranes tested. COD was reduced 70-84% for all the 
membranes tested. The low removal of TDS is explained by the fact that salts are the 
primary contributor to TDS, and uncharged UF membranes are not designed for salt 
rejection. 
Table 4.2 Permeate quality after filtration of rendering facility wastewater samples I 
(for CA membranes) and II (for UltraFilic membranes). 
Membrane pH Turbidity 
(NTU) 
TDS 
(mg/L) 
COD 
(mg/L) 
Hydrolyzed CA 5.30 1.00 1680 5300 ± 50 
Modified CA 5.29 2.00 1650 4800 ± 200 
Unmodified UltraFilic 5.21 0.32 3100 12800 ± 240 
Modified UltraFilic 5.19 0.07 3142 12700 ± 80 
 
4.4 Conclusions 
In this contribution, we investigated the use of fouling-resistant membranes that 
were designed for treatment of oily water in the treatment of highly impaired wastewaters 
generated by a rendering facility. Low molecular weight cutoff membranes showed 
stable permeate fluxes for long periods of time without the need for intermittent cleaning, 
characteristic of systems with low degrees of internal fouling. For 100 kDa molecular 
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weight cutoff membranes, flux decline was more severe. While polymer-modified 
membranes processed ~26% more permeate than unmodified membranes in this case, 
flux recovery after a membrane cleaning step was low and similar for unmodified and 
modified membranes, characteristic of high degrees of internal fouling. ATR-FTIR 
spectra and SEM images support these conclusions.  
All membranes showed minimal changes in the permeate pH and TDS but there 
was significant reduction in permeate turbidity and COD. There was nearly 100% 
reduction in turbidity and over 70% reduction in COD. Low molecular weight cutoff 
ultrafiltration membranes can be used to treat rendering wastewaters with high solids 
loading to reduce their turbidity and COD. Use of more open ultrafiltration membranes 
will require further development and optimization of cleaning protocols. In either case, 
there is the need for a polishing step such as reverse osmosis to allow direct discharge or 
beneficial use of the treated water.  
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
The overall goal of my PhD research was to design and develop advanced anti-
fouling and self-cleaning membranes for treating oily and impaired waters. I developed a 
unique surface-initiated atom radical polymerization (ATRP) protocol to graft bi-
functional block copolymer nanolayers from the surface of base ultrafiltration (UF) 
membrane substrates. Specifically, my objective was to design membranes that limit 
foulant accumulation and provide an easy, chemical-free way to remove any attached 
foulants by controlling both the chemical and environmentally responsive conformational 
properties of the grafted polymer layers at the nano-scale. The dual functionality 
provided by this block copolymer system yielded fouling-resistance and temperature-
responsiveness. The temperature-responsive block made it possible to use a temperature-
controlled water rinse to clean membranes during the filtration of oily and impaired 
waters.  
In the beginning, a three-step surface-modification procedure was designed and 
implemented to modify commercial regenerated cellulose UF membranes by growing 
block copolymer nanolayers from the membrane surfaces by surface-initiated ATRP. 
Membranes were modified by grafting poly(N-isopropylacrylamide) (PNIPAAm)-block-
poly(oligoethylene glycol methacrylate) (PPEGMA) nanolayers. ATR-FTIR spectra 
confirmed the successful grafting of both polymers from the membrane surface. From 
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AFM topographical images, I observed that the membrane surface roughness decreased 
following modification. Polymer grafting led to a roughly 40% decrease in the water flux, 
however, modified membranes showed slower flux decline than unmodified membranes. 
Hence, the modified membranes allowed a 13.8% higher cumulative volume of water to 
be processed over a 40 h cross-flow filtration run. Flux recovery was better for the 
modified membranes after a cold water rinse. The flux recovered fully to initial values for 
the modified membranes; while only ~81% of the initial flux was recovered for the 
unmodified membrane. TOC removal efficiencies were higher than 94% for all the three 
membranes studied and increased slightly with increasing degree of modification; 
however, all the three membranes exhibited poor salt rejection. 
Many successful prior efforts to create antifouling polymer coatings have focused 
largely on tailoring polymer chemistries. In the second part of my research, I carried out a 
study to better understand the role of polymer nanolayer structure on performance. I used 
initiator grafting density and average molecular weight of both the PNIPAAm and 
PPEGMA blocks as independent variables to optimize the performance of the surface-
modified membranes. Higher initiator densities and longer polymerization times yielded 
membranes with stable flux, while lower densities and shorter polymerization times 
slowed the rate of flux decline but did not eliminate it. The trade-off for the stable flux 
was lower instantaneous flux. I found this trade-off to be acceptable since the cumulative 
volume of impaired water that could be treated prior to cleaning was higher for the 
modified membranes.  My results showed that, beyond the chemistry of the coating, its 
structural properties, especially polymer grafting density and block nanolayer 
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thicknesses, play important roles in determining its effectiveness. Importantly, the 
membrane surface modification protocol that I developed allows structural properties to 
be varied independently, in ways not achievable by standard coating methods, to produce 
membranes with an optimized combination of high enough instantaneous permeate flux 
and low enough rate of flux decline. 
In the third and final part of my PhD research, I investigated the use of my newly 
designed, advanced fouling-resistant and self-cleaning membranes for treatment of 
wastewaters generated in rendering facilities. I evaluated the productivity and capacity of 
the membranes using impaired waters provided by Carolina By-Products/Valley Proteins 
Inc., and compared these performance metrics to other commercial wastewater treatment 
UF membranes. Low molecular weight cutoff membranes showed stable permeate 
fluxes for long periods of time without the need for intermittent cleaning, characteristic of 
systems with low degrees of internal fouling. For 100 kDa molecular weight cutoff 
membranes, flux decline was more severe. While polymer-modified membranes 
processed ~26% more permeate than unmodified membranes in this case, flux recovery 
after a membrane cleaning step was low and similar for unmodified and modified 
membranes, characteristic of high degrees of internal fouling. ATR-FTIR spectra and 
SEM images support these conclusions. All membranes showed minimal changes in the 
permeate pH and TDS but the removal of turbidity, and COD was high with ~100% 
reduction in turbidity, and over 70 % reduction in COD. 
Membrane fouling has greatly hindered the widespread use of membrane 
technologies in the treatment of highly impaired wastewaters. During my doctoral 
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research, I was able to design and develop advanced anti-fouling and self-cleaning 
membranes that I have shown to be highly effective at separating organics from highly 
impaired wastewaters at permeate fluxes that compare well to the permeate fluxes of 
commercial membranes used for removal of organics with high salt passage. The 
advantage of my membranes is the ability to swell in response to a change in temperature, 
which improves the efficiency for flux recovery during cleaning. My membrane surface 
modification method also allows for the ability to precisely control the structure of the 
surface to optimize performance. 
5.2 Recommendations 
During my PhD research, I mainly used regenerated cellulose membranes as my 
base membrane substrate and modified this base material by grafting PNIPAAm-b-
PPEGMA using surface-initiated ATRP. I observed that the flux recovery after a cold 
water rinse was high for the unmodified membranes, which was not surprising since the 
regenerated cellulose layer is hydrophilic and resistant to fouling. So I recommend 
transferring this surface modification strategy to other widely used membrane support 
materials such as polysulfone, polyethersulfone, polytetrafluoroethylene, and 
poly(vinylidene fluoride) where irreversible fouling may be more detrimental to 
performance than I found for regenerated cellulose membranes. It will be interesting to 
see how beneficial my surface modification strategy will be to base membrane substrates 
that are more prone to adsorption of organic foulants. 
Permeate quality measurements after filtration indicated that the modified 
membranes yielded poor salt rejection as indicated by the high permeate conductivity and 
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TDS concentrations. Ultrafiltration membranes are not used for salt rejection in water 
treatment applications, and, as I discovered, even reducing the average effective pore size 
through membrane surface modification did not improve their salt rejection. However, 
the membranes had high removal efficiencies for organics, so I recommend using them as 
a prefilter to a polishing step such reverse osmosis for salt rejection. Therefore, a future 
study can involve designing a polishing step that utilizes the low organic content 
permeate from these membranes for salt removal. Alternatively, some researchers have 
shown that modifying membranes by layer-by-layer assembly of polyelectrolyte thin 
films increases salt rejection. Therefore, a similar approach could be taken to incorporate 
a polyelectrolyte block into the surface modification layer of my UF membranes to 
improve their salt rejection. This would be an interesting area to explore. 
During membrane performance testing, I noticed that actual oilfield produced 
water presented a higher fouling potential than our model  produced water as indicated by 
more rapid flux decline for experiments using this feed. These results suggest that 
soybean oil is not an appropriate simultant for oils found in produced water. Therefore 
for future study, I suggest using other, potentially more appropriate simultants for oils 
found in produced water like n-decane, dodecane or motor oil to develop a model  
produced water feed for membrane performance testing. 
Physical and chemical operating conditions such as cross-flow velocity (CFV), 
trans-membrane pressure (TMP), feed pH and temperature affect membrane fouling 
during filtration experiments. Therefore, there is need to optimize these operating 
conditions to limit fouling. During my experiments, focus was on optimizing membrane 
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surface properties to limit adsorption of foulants and not much work was done to 
optimize the operating conditions. Therefore, for future studies, I recommend carrying 
out experiments where operating conditions are optimized to achieve the best possible 
membrane performance properties. I also recommend that when comparing the rate of 
fouling of different membranes, the constant initial flux method rather than the constant 
TMP method should be used for flux measurements as it makes more sense to compare 
the rate of flux decline of different membranes when they all have the same initial flux. 
Finally, the viability of any membrane process for water treatment depends on 
efficient, cost-effective cleaning that leads to regeneration of the original permeate 
flux. Membrane cleaning efficiency depends on the type of cleaning solution, its 
concentration, pH, temperature and ionic strength, CFV, frequency and length of 
cleaning. Consequently, it is essential that optimized cleaning strategies be developed 
and that the frequency and length of cleaning be minimized if membranes are to be of 
practical value. Acidic cleaning solutions are more effective at removing inorganic 
foulants on membranes, while alkaline cleaning solutions are more effective at 
removing organic foulants. During my experiments, a simple, temperature-controlled 
water rinse was used to clean membranes to try and regenerate their original permeate 
flux. For future study, I recommend using a surfactant such as sodium dodecyl sulfate 
(SDS) or a metal chelating agent such ethylene diamine tetra acetic acid disodium salt -
2-hydrate (EDTA) in addition to a temperature-controlled water rinse to optimize 
membrane cleaning and obtain better flux recovery. 
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Appendix A 
Results for different polymerization formulations used during surface-initiated ATRP of 
PNIPAAm from initiator-functionalized, PGMA-coated silicon substrates 
 
 
Figure A-1 Dependence of dry polymer layer thickness on polymerization time for 
surface-initiated ATRP of PNIPAAm from initiator-functionalized, PGMA-coated silicon 
substrates for [NIPAAm] = 0.10 M in a 4:1 (v/v) solvent mixture of HPLC water and 
methanol. 
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Figure A-2 Dependence of dry polymer layer thickness on polymerization time for 
surface-initiated ATRP of PNIPAAm from initiator-functionalized, PGMA-coated silicon 
substrates using a monomer concentration of 0.10 M and HPLC water (100 %) as the 
solvent.  
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Figure A-3 Dependence of dry polymer layer thickness on polymerization time for 
surface-initiated ATRP of PNIPAAm from initiator-functionalized, PGMA-coated silicon 
substrates using a monomer concentration of 0.10 M and methanol (100 %) as the 
solvent. 
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Figure A-4 Dependence of dry polymer layer thickness on polymerization time for 
surface-initiated ATRP of PNIPAAm from initiator-functionalized, PGMA-coated silicon 
substrates using a mixed halide catalyst system of CuCl/CuBr2 and a monomer 
concentration of 0.10 M in a 4:1 (v/v) solvent mixture of HPLC water and methanol. 
 
